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Abstract
Light-matter interaction, which is at the heart of the science and technol-
ogy of light, can be controlled and designed in materials structured at the
nanometre length-scale, for enhanced light emission and absorption, and
down to the single photon level.
The aim of this thesis is to investigate complex photonic geometries, i.e.
systems where the collective interaction of a large number of constituents
denes the optical properties with emergent phenomena beyond the sum of
the response of the individual constituents. In particular, a central topic is
the emission of light from sources located in dielectric and plasmonic net-
works with dierent degree of disorder and correlation. Experimental and
theoretical evidence of coupling of single photons to propagating modes
in nano-waveguides, emission enhancement in plasmonic structures, and
collective emission in disordered lasing systems are presented.
Large coupling of individual quantum dots embedded in free-standing
sub-wavelength waveguides is experimentally demonstrated. These waveg-
uides are fabricated by electrospinning, a scalable technique suitable for
the realisation of large interconnected systems.
Light emission enhancement is investigated in plasmonic self-assembled
systems and lithographic structures, which build on the framework of opti-
cal antennas and allows isolating local and global contributions to the local
density of states around a topological percolation phase transition.
One of the most important cooperative eects between multiple emitters
is lasing. Random lasing is investigated numerically and experimentally
in diusive systems with particular attention to the spectral properties of
the emission and its relation with the physical and chemical parameters
of the surrounding environment, which can be exploit to tune the lasing
emission, thus providing a novel sensing scheme. These results provide
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In the last few decades, the study of light at the nanometre scale has seen a rapid
development driven by miniaturisation and by the advances in technology, such as
high-resolution lithography and microscopy techniques, that allowed to measure
and fabricate structures with features of size near and beyond the wavelength of
light. Similarly to how the ability to manipulate the electronic components has
allowed the huge development of the electronic industry, the ecient manipula-
tion of light-matter interaction at the nanoscale is a fundamental requirement for
a variety of optical devices, including sensing, metrology, and quantum informa-
tion [1].
Fluorescent emitters, as for example molecules and quantum dots which driven
by an external laser pulse can emit light by spontaneous emission, are ideal local
sources of light. In fact, while the limit of classical light confinement, i.e. by means
of lenses, objectives or other focusing optics, is of the order of half the wavelength
of light and it is typically achieved with an high numerical aperture objective and
a laser beam, fluorescent emitters instead have dimensions much smaller than
the wavelength of the radiation and can couple eciently to the local excitations,
making them ideal local excitation and probe channels. Working with localised
emitters thus has the intrinsic advantage to access the local properties with very
high spatial accuracy, as it has been done for instance to measure magnetic fields
and temperature [2]. This local probing features are particularly eective when
investigating nanostructures, in particular plasmonic systems for which the op-
timized behaviour is often restricted to specific structure locations. Probing the
structure with localized emitters therefore allows to avoid the averaging eect of
far-field techniques or expose the rare extreme events when spatially sampling the
system properties, with resolution otherwise achievable only with near-field prob-
ing (SNOM) and electronic based techniques, such as cathodoluminescence and
electron energy loss spectroscopy (EELS).
Individual fluorescent sources with a single electron excitation, as for example
vacancies in solid states systems [3], semiconductor quantum dots [4], molecules [5],
and trapped atoms [6] and ions [7], are also particularly appealing as they are
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sources of single photons [8]. Photons are a candidate for the transport of quan-
tum information encoded into their degrees of freedom such as polarization and
energy, which can then travel over long distances interacting weakly with the en-
vironment. Indeed, upon excitation with a laser pulse and subsequent relaxation,
fluorescent emitters can produce deterministically single photons (assuming close
to unity extraction and quantum eciency) which can be used to implement quan-
tum information schemes [9].
Nevertheless, due to size mismatch between the emitter size and the radiation
wavelength, point-like sources interact slowly with radiation, limiting absorption
and emission; their omni-directional dipolar emission reduces the photon trans-
port to practically zero for distances larger than a few wavelengths, and thus poses
great constraints to their practical use. Therefore, one of the key requirement for
the development of photonic devices interfaced with single emitters is the ability
to enhance the coupling between the emitter and the optical states, for instance to
achieve non-linear process [10] or to realise transistors and switches at the single
photon level [11, 12]. In particular, obtaining long-range coupling between re-
mote emitters would be a key step for the realisation of more complex platforms
towards fully quantum networks [13, 14].
Nanostructuring matter below the length-scale of the wavelength allows to en-
gineer the optical states and exploit scattering and interference in the near-field
regime to achieve high fields confinement with enhanced light-matter interac-
tion. Compared to the conventional quantum optics approach which consists
in surrounding the emitter with micrometer-sized high-finesse microcavities [15],
nanoscale modal engineering is typically broadband, allowing to work eciently
at room-temperature, a key step toward practical quantum-technology. Moreover,
nano-optics tools are flexible and robust, allowing diverse applications such as
imaging and sensing, and can provide larger opportunity of scalability.
In this work we will investigate light emission and transport with particular inter-
est to complex systems, i.e. systems characterised by a large number of interacting
components. The aim is to focus on those properties arising from the collective
mutual interaction of the system components, considering global features of ex-
tended systems, such as the interplay between disorder and correlations, beyond
their local details as for example the shape and dimensions of a nanoparticle,
which nonetheless have to be controlled for their experimental realisation. There-
fore, this requires the investigation of light behaviour at dierent scales: from the
sub-nanometre atomic length-scale of an emitter, to the nanometre optical length-
scale of its emitter near-field, to the length-scale of its interaction with the optical
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environment, up to a macroscopic scale sized (∼millimetres) architectures. In
this introductory chapter we first revise few important concepts and tools used
throughout this work.
1.1 Light emission from dipolar sources
Fluorescence is the spontaneous emission of light associated with an electronic
transition in an atom, a molecule or a quantum system from an excited level to
the ground state. The excited electron is usually promoted to an excited level due
to the absorption of a photon. The electron then undergoes internal non-radiative
transitions before returning back to the ground state by emitting a photon at a
lower energy. The typical time-scale of the transition is of the order of 1–10 ns.
At room temperature, which is the conditions of all systems studied in this the-
sis, the excited state coherence time in our system is sub-picosecond, therefore
the spontaneously emitted light has no phase relation with the exciting one. We
describe this as an incoherent emission process, unlike for instance scattering
and stimulated emission. Fluorescence is found in many organic and inorganic
molecules and in artificial semiconductor structures like quantum-dots (QDs) an
it is described by dierent properties: the emission spectrum, the quantum yield
(the ratio of the number of photons emitted to the number of photons absorbed)
and the lifetime of the excited state τ. These are all influenced by the photonic
environment in which the emitters are placed.
In fact, the transition from the emitter excited state to the ground level is a
purely quantum-mechanical phenomenon driven by vacuum fluctuations. This
can be pictured in terms of the Fermi’s Golden Rule: the transition rate Γ (Γ = 1/τ)






|〈 f |Hˆ ′|i 〉|2δ(Ei −E f ) = 2piħh
∑
f
|Mi f |2δ(Ei −E f ) (1.1)
where Hˆ ′ is the time-dependent Hamiltonian perturbation term describing the
electromagnetic interaction and each final available state | f 〉 is a state of the
complete emitter-radiation system, while the δ-function ensures energy conserva-
tion. Equation (1.1) states that the transition rate depends on the available decay
channels | f 〉 and on the matrix elements |Mi f | dependent on the interaction with
the radiation states. In this picture the spontaneous emission decay rate can be
decreased by removing optical states coupled to the emission wavelength or in-





Figure 1.1: Light emission in nanostructured materials. Light emission by a
fluorescent molecule in plasmonic system is partially mediated by the structure
optical modes.
be obtained in nanostructured systems (Figure 1.1). This is for instance achieved
in photonic crystals, periodic arrangements of dielectric scatterers, in which the
destructive interference prevent light from propagating at certain energies and
direction which define an optical band-gap; the decay of a spontaneous emitter
with energy in this band-gap is thus inhibited. Conversely, close to the band edge
where the density of states is larger a decay rate enhancement is expected [17].
1.1.1 Dipolar quantum emitters
In order to describe light radiation, we need first to consider the electronic transi-
tion from which it originates. Most electronic transitions are described as dipolar
transitions. In fact, the size of the emitter, i.e the extension of atomic or molecu-
lar orbitals, is negligible when compared to the wavelength of the electromagnetic
radiation. Therefore, in the the electromagnetic linear interaction Hamiltonian
term [16]
Hˆ ′ = e Aˆ(ω,x ) · pˆ, (1.2)
where e is the the electron charge and pˆ is the momentum operator, the vector
potential can be considered constant across the atomic dimensions (Aˆ(x ) = Aˆ(0) =
Aˆ0). It can be shown [18] that Equation (1.2) can be expressed as
Hˆ ′ = e rˆ · Eˆ 0, (1.3)
where Eˆ 0 is the electric field operator at the emitter position. The electronic
component of the transition matrix elements in Equation (1.1) therefore contains
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term of the form Mab = 〈ψa |rˆ |ψb 〉 · Eˆ 0 between two electronic states |ψa 〉 and
|ψb 〉:
Mab∝ e 〈ψa |rˆ |ψb 〉. (1.4)
The terms 〈ψa |e rˆ |ψb 〉 has the form of the matrix element of a dipole moment
operator Dˆ = −e rˆ . The transition dipole Dˆ ab and its interaction with the elec-
tromagnetic fields, i.e. the field intensities along the dipole axis in the position of
the dipole, defines the strength and thus the rate of the transition:
Γ∝|Mab |2∝|Dˆ ab · Eˆ 0|2. (1.5)
Due to energy and momentum conservation or reason of symmetries between
the electronic states (“selection rules”) the dipolar transition might be forbidden,
i.e the dipole elements Dˆ ab might vanish. In such cases higher order terms corre-
sponding for instance to magnetic dipoles and electrical quadrupoles transitions,
become important. While typically electric dipolar transitions dominate at opti-
cal frequencies, naturally occurring magnetic dipole transitions can be found for
instance in some rare earth ions [19] (an example will be shown in Section 1.4),
and are the main component for example of common fluorescent lamps.
The transition dipole Dˆ ab is solely an electronic property of the emitter and
is not related to the electromagnetic environment as long as the dipolar approxi-
mation holds (in principle the assumptions of slowly varying fields on the emitter
length-scale may not hold in the presence of nanostructures) and the electronic
orbitals do not change. The electromagnetic components (Eˆ 0) can be accounted
with a semi-classical treatment in the case of absorption and stimulated emission
from an external field, while a QED approach with the quantization of the fields
is required to rigorously derive the spontaneous emission. Nevertheless, also the
latter turns out to be related to its classical counterpart, that is the radiation of a
classical dipole, which will be describe it in the next section.
1.1.2 Radiation of a classical dipole
The radiation of a classical electric dipole p (t ) = q [r (t )− r 0], i.e. the radiation
from a point-like current j (r , t ) = dd t p (t )δ(r − r ′) is given, assuming harmonic
time dependence with frequency ω and wavevector k , by the solution of the wave
equation
∇×∇×E (r )−k 2E (r ) = iωµ0µ j (r ), (1.6)
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where µ and µ0 are the relative and free-space magnetic permeability respectively.
Since the source is point-like, the solution can be expressed in the formalism of
the Green function of the wave equation:
[∇×∇×−k 2]G (r ,r0) = I δ(r − r0). (1.7)
If the solution of Equation (1.7) is known, the electric fields distribution can be
computed as:
E (r ) =ω2µ0µG (r ,r0,ω)p , (1.8)

















nˆ p ·G (r0,r 0,ω)nˆ p  (1.9)
where G (r ,r ′,ω) is the dyadic Green function and nˆp is the unit vector in the
direction of the dipole moment. In Equation (1.9) the Green function is evaluated
at the location of the emitting system (r = r ′ = r 0) and therefore describes the
previously emitted electric fields arriving back at its origin.
1.1.3 Local density of states
It can be shown with a QED treatment of the electromagnetic fields that the decay
rate is given by [20]
Γ =
2ω2
ħhc 2 |p |
2Im

nˆ p ·G (r 0,r 0,ω)nˆ p  , (1.10)
where we are now labelling p the the previously defined dipole moment operator




2ρp (r ,ω) (1.11)
isolating the interaction term proportional to p from the term solely depending
on the electromagnetic states ρp (r ,ω) projected into the dipole direction





nˆ p ·G (r 0,r 0,ω)nˆ p  . (1.12)
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It can also be proven [21] that this is linked to the spectral density of eigenmodes




|en (r )|2δ(ω−ωn ) = 2ωpic 2 Im [TrG (r 0,r 0,ω)] . (1.13)
Therefore Equations (1.13) and (1.12) define the local density of optical states
(LDOS), and the partial LDOS restricted to a specific dipole orientation respec-
tively.
The comparison of Equations (1.9) and (1.10) shows that there exists a rela-
tion between the radiation of the classical dipole and the spontaneous emission







where Γ and Γ0 are the decay rates respectively in the environment and in free-
space while P and P0 are the correspondent emitted power by classical dipoles
in the same conditions. The nature of the dipole is dierent but the interaction
with electromagnetic modes is the same in both cases. This has few important
consequences:
• We can indierently consider the emission of a classical or quantum dipole,
whenever only the optical properties of the environment are studied, which
is typical in nano-optics, as the dipole moment of the emitter is not changed.
However, the chemical properties of the environment can change the emitter
properties (we consider this for instance when studying sensing by random
lasing in Chapter 4). It is worth noting that this treatment is not valid also in
the strong coupling regime, when the emitter and the environment cannot
be considered as two separate systems any more [22]; nevertheless, this is
not the case for the systems considered the present work.
• The LDOS is a well defined local quantity and thus it is suitable to compare
theoretical calculation and experimental measurements; this comparison is
particular robust as it relies on time-resolved measurements which are not
aected by the collection eciency or quenching of the emission, as long as
even a small subset of the emitted photons can reach the detector. In other
words lifetime measurements are a far-field probe from of the electronic
states, and thus provide a well sub-wavelength resolution.
• The techniques employed in studying and solving the classical Maxwell
equations can be used to compute the LDOS of a system. This can be
12
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done for instance by means of Finite Dierence Time Domain (FDTD) sim-
ulations.
1.2 Light emission in nanostructured materials
The emission of light from a dipole in an homogeneous environment can be easily






and it is distributed in the far field with a typical omnidirectional “doughnut”
shape oriented according to the dipole moment
P (θ ,φ)∼ cos2(θ ) (1.15)
for a dipole oriented in the zenith direction and θ is polar angle, as shown later
in Figure 1.3. Any discontinuity of the refractive index of the optical landscape
will modulate the light emission, and can provide access to the near-field com-
ponents of the dipole emission. It was first shown in the seminal Drexhage’s
experiment [23] that a system as simple as a dielectric interface can aect the
decay time. Figure 1.2 shows simulations (FDTD) of an electrical-dipole source
(λ = 532 nm) placed at dierent positions in front of a dielectric interface with
index of refraction n1 = 1.45 (glass).
When the dipole is far from the interface the emission rate asymptotically ap-
proaches the bulk value Γ = nΓ0, with a weak modulation due to the far-field
interference with the light reflected by the interface. Instead, as the emitter moves
closer to the interface near-field interactions get stronger and largely modulate the
decay rates. For a dipole oriented parallel to interface, the interference between
the radiation of the dipole and the induced charges inside the dielectric materi-
als leads to large variation very close (< 50 nm) to the interface; this shows how
controlling the evanescent components in the near-field is the key tool to engineer
light behaviour.
Such near-field eects reflect in far-field accessible quantities as for example the
angular radiation pattern. Figure 1.3 shows the calculated (FDTD) dipole emis-
sion pattern for a source in an homogeneous space. The pattern of the same dipole
approaching a glass interface is also plotted. When the dipole is in close proximity
to a dielectric interface the interference between the radiation of the dipole and
13
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Glass (n=1.45) Air (n=1)
ortogonal
parallel
Figure 1.2: The interface eect on lifetime. Computed Purcell factor by means
of FDTD simulations for a dipole source (λ = 532 nm) in front of a semi-infinite
dielectric interface in the two orientations: dipole moment parallel to the interface
(blue) and dipole moment orthogonal to the interface (green).
the induced charges inside the dielectric material reflected light strongly modifies
this pattern: most of the light is emitted into the high-index material at the critical





. It is worth noting the importance
of this eect as this situation describes the experimental conditions when usually
the source is placed above a substrate.
The local optical modes eectively control the properties of the radiated light.
Vice versa, the far-field light can be studied to obtain information on the optical
modes accessible by emitter in its position, which are eciently excited by the
near-field and far-field dipole fields.
1.2.1 Plasmonic system and emission enhancement
Nanophotonic systems based on metallic structures with nano-sized features are
particularly attractive as they can squeeze light into nanometre sized volumes.
In fact, metallic structures sustain particular electromagnetic modes arising from
the coupling between the electromagnetic waves and the collective oscillations of
free electrons in noble metals called Plasmons [24]. These excitations manifest




















Dipole in homogeneous space
Dipole approaching a glass interface
Figure 1.3: Radiation pattern near an interface. Power radiation pattern of
a dipole source (FDTD calculations). Red dashed line: ”doughnut” pattern of
a dipole emitting in an homogeneous space. The blue line shows the radiation
pattern of the same dipole approaching a glass interface (dielectric material, n2 =
1.51) perpendicular to the dipole moment. θc is the critical angle of total internal
reflection.
propagating waves bounded to the metal surface: the electromagnetic fields decay
exponentially in the direction normal to the interface both in the dielectric and in
the metal. This results in a stronger spatial localisation and field enhancement,
yet, due to the absorption in the metal, SPs propagation length is finite, and
complex geometries with refined fabrication techniques are required to overcome
this limitations [25, 26].
The plasmonic response of a small (λ) metal particle is similar to that of an
optical electric dipole, therefore they can act as optical antennas. In analogy to
microwave and radiowave counterparts, optical antennas are devices that improve
the coupling between an object localised in their near-field and the radiation prop-
agating in the far-field by impedance matching [27]. In nanometric metal particles
the size and shape of the metal boundaries, as well as the particle composition,
define a resonant frequency of the collective fluctuation of the electrical charges.
This form of excitation is called Localised Surface Plasmons (LSP). At the res-
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onant frequency, the electromagnetic waves can eciently couple to the particle
mode with a strong enhancement of the electromagnetic fields around these plas-
monic antennas. If an emitter is placed in such electromagnetic hotspots this
can result in an increase in its decay rate over one thousand times [28, 29]. The
fluorescent enhancement due to the antenna is twofold:
1. Upon light excitation, the high intensity of the fields that build up around the
antenna when in resonance eciently promotes the molecule to the excited
state, the absorption probability being proportional to the fields intensity.
2. More importantly, the molecule excites very eciently the modes of the
antenna as these electromagnetic-hotspots correspond to locations with a
very large density of states. The antenna in turn is a classical dipole with
a larger dipole-moment or multipolar components due to its larger size,
and therefore emits eciently in the far-field. Both emission rate and direc-
tionality [30, 31] can be designed for sources in the near field of the metal
structure.
As in the case of SPs, the major drawback of metallic particles is the large optical
absorption which is driving the search for alternative geometries and materials.
1.3 Towards complex networks
As we have seen in the previous sections, the connection between matter nanos-
tructuring and the resulting optical properties can be done rigorously in all its
details as long as one is able to consider all the microscopic aspects of the sys-
tem under examination. When dealing with macroscopic systems this implies a
nanometre fabrication accuracy over millimetres size, which is typically infeasi-
ble. As anticipated, the aim of this thesis is to focus on the study of complex
systems, i.e. systems characterised by a large number of interacting components;
their aggregate behaviour is often not derivable from the sum of the behaviour of
the its individual constituents, either because due to the disordered character and
long-range correlation it is not clear what interacts with what or because the im-
portance of multiple interactions makes it dicult to treat the system numerically
in all its details, for instance due to the limited calculation power.
When multiple elements are combined and coupled together, the collective re-
sponse is defined from the interaction between the individual constituents. Scat-
tering of light becomes one of the most relevant phenomena. The eect of mul-
tiple scattering on the emission of light has been studied in both dielectric and
16
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plasmonic systems. For instance, disordered dielectric systems exhibit long tails
LDOS statistics [32, 33, 34], while metallic structures combining multiple scat-
tering and plasmonic response show large LDOS fluctuations depending on the
correlation properties [35, 36, 37], as we will show in Chapter 3.
The interplay between disorder and correlation can result in peculiar optical
eects, as in the case of hyperuniform structures [38, 39] showing the behaviour of
photonic crystals in isotropic non-periodic structures. In these systems, a purely
reductionist approach might fail or be not exhaustive. In such circumstances, de-
scribing the problem with a global approach can be more successful. For example,
one possible framework to describe such systems is that of networks, a concept
that pervades science and engineering [40], describing systems as diverse as food
webs, power grids, and cellular metabolism [41].
1.3.1 Lasing in disordered systems
Beside fluorescence from independent emitters, when many sources are coupled
in a photonic system newly collective phenomena can be investigated, among
which lasing is one of the most important. Lasing is emission of light amplified
by stimulated emission and is typically achieved by combining a gain-material,
such as a molecular dye or semiconductor diode, with an optical cavity, required
to confines light and resonantly enhances its interaction with matter and which
defines the emission characteristics. When many emitters are combined in a mul-
tiple scattering medium, lasing may occur due to the interference between random
paths inside the system. These random lasing systems were already theoretically
discussed in the 1960s and first demonstrated in the 1990s [42] and has been
thereafter widely investigated [43]. The mirror-less nature and structural simplic-
ity of these lasing systems have attracted a lot of interest. Nowadays they have
been studied in a vast variety of scattering systems ranging from semiconduc-
tor powder to biological tissue and biocompatible materials [43]. Random lasing
originates from a complex out-of-equilibrium phenomenon with rich multimodes
behaviour [44] and surprising statistical features [45] governed by the scattering
properties of the system and the gain which couple, enhance and select specific
system modes. Random lasing, which is the topic of Chapter 4, is an attractive






In this thesis, we will consider three main aspects of light-matter interaction: the
coupling of emitters to modes of interconnected structure; the emission enhance-
ment by means of disordered plasmonic systems; collective phenomena in the
form of lasing in disordered media. The study of single emitters, that is indi-
vidually addressable sources emitting one photon at a time, oers a very fine
spectroscopy tool, and is also a step heading towards the quantum world. We do
this with an experimental approach based on the study of light emission of indi-
vidual or localised fluorescent sources, as well as lasing dynamics, as discussed
in the remaining part of this chapter.
1.4 Experimental methods
The experimental investigation is focused on the study of the lifetime and the
angular emission pattern of fluorescent sources and is based on scanning confocal
microscopy. This technique allows to achieve a diraction-limited illumination
and a high precision in the localisation of a light source. When combined with a
high sensitivity single photon detection it is especially suitable for single-molecule
studies. A commercial inverted microscope has been largely modified and adapted
for maximum control and flexibility. A sketch of the setup is shown in Figure 1.4.
1.4.1 Confocal microscopy
In our configuration the light from dierent laser sources is injected into the mi-
croscope through a single-mode optical fibre, acting as a spatial filter and ensuring
to achieve an homogeneous and stable beam profile. Light is then injected into the
microscope and focuses to a diraction limit spot with a high-numerical-aperture
(NA) oil-immersion objective. The laser sources in use consist of both picosecond
pulsed lasers (533 nm and 634 nm) and continuous wave lasers (448 nm and 633
nm).
The emitted light is collected through the same objective used for excitation.
The Stoke spectral shift of the fluorescent emission allows to separate the emitted
light from the excitation light by means of a dichroic beam splitter. Additional
long-pass filters are employed to further remove any residual laser light more than
6 order of magnitude.
The emitted light is sent for detection to two dierent measurements setups, one
based on avalanche photodiodes (APDs) and another based on a CCD camera






























































































































































































































































































































that exploits the photoelectric eect and avalanche multiplication of electrons to
convert light to an electrical signal. It detects single photons with an high quantum
eciency (∼ 70%) and timing resolution (400 ps).
In the confocal configuration (the right side in Figure 1.4) a pinhole is placed
on the real plane of the microscope where the image of the sample is formed. The
size of the pinhole is chosen to match the diameter of the focal spot in the image
produced by the microscope. In this way light not originating from the optical axis
will not pass through the pinhole and will be rejected increasing the resolution
and contrast. This combined with the very low noise level of the used APD (<
30 counts per second) allows to achieve a very high sensitivity and dynamic range
suitable for single emitters studies.
A temporal trace of the emission from a single quantum-dot as recorded by the
APD is reported in Figure 1.5. The plot shows the fluorescence intermittency or














off state (noise level)
Figure 1.5: Quantum dot blinking. Fluorescent emission intermittency between
on (bright) and o (dark) states typical of single emitters.
“blinking” phenomenon in which the QD switch randomly between on (bright)
and o (dark) states under continuous excitation.
The APD is a single channel detector. In order to form a two-dimensional image
of the sample has to be scanned point by point. This is achieve by means of piezo-
electric stage that moves the sample while illumination and collection locations are
kept fixed. The stage controls the positioning with nanometric resolution (< 2 nm)
in the x y z -axes at a moderately fast speed allowing a reliable raster scan up to
few lines per second with a maximum scanning area of 200µm×200µm×200µm.
The photon collection is synchronised to the movement of the sample by means
of a data acquisition system (DAQ) that counts the TTL pulses produced by the
APD while controlling the piezo position. Dedicated software has been imple-





























Figure 1.6: Imaging quantum dots. a APD scan of two quantum dots , b
lifetime, c fluorescent spectrum and d angular emission pattern.
the sample, as shown in Figure 1.6a). Once the image of the sample is produced
the points of interest can be localised with high accuracy. Each of these points can
then be located and centred on the optical axis by means of the piezo to perform
additional measurements (Figure 1.6b-d) as explained in the next paragraphs.
1.4.2 Time-correlated measurements
The train of pulses provided by the APD are recorded by a time-correleted single
photon counting (TCSPC) unit, an electronic device that is able to measure the
time of arrival of the photon with a very high temporal resolution (25 ps). The
TCSPC unit compares the time of arrival of the pulse coming from the APD with
a reference signal synchronised with the laser excitation pulse. In the optimal
situation less than a photon is collected in each excitation cycle that has a typical
repetition rate of 2–40MHz. From the statistics of arrivals of the photons a lifetime
measurement can be performed, as shown in Figure 1.6b for a quantum dot.
Correlated measurements between multiple detecting channels can also be per-
























Figure 1.7: Hanbury-Brown and Twiss interferometry. The intensity correla-
tion function g2 showing the antibunching statistics is obtained from a molecule
on a clean microscope cover slip is shown(when working at the single molecule
level samples are never clean enough).
light, “antibunching” between the photons emitted by a source allow to charac-
terize single photon sources [18] as shown in Figure 1.7. When recording the
coincidences between two detectors in the Hanbury Brown and Twiss interferom-
eter configuration, that is the probability of detecting two simultaneous photons
when the signal is split between two detector as function of the delay between the
detection ∆t , a negative correlation at ∆t = 0 manifests as a missing peak in the
g2 plot, corresponding to the fact that if a source cannot emit two photons at once
the two apds cannot detect an event simultaneously.
1.4.3 Spectroscopy and angular emission pattern
The second detector consists of a low-noise high-sensitivity CCD camera con-
nected to a spectrometer. Thanks to the ability to replace the grating with a
mirror, the spectrometer is used both to measure spectra and as an imaging sys-
tem. A system of two lenses is used to image the microscope real plane on the
spectrometer slit for standard spectroscopy. The fluorescence spectrum of a QD
obtained in this way is shown in Figure 1.6b. imaging capabilities are exploited in
particular to measure angular emission patterns by measuring the Fourier space.
One of the remarkable properties of a converging lens is his ability to perform
two-dimensional Fourier transforms [46]. The intensity of the light in the back
focal plane is proportional to the Fourier transform of the front focal plane:
I2(x2, y2)∝ Iˆ1(kx1 ,ky1)
















Figure 1.8: Angular emission k -space patterns. a Typical k-space diagram:
the inner circle defines the cone of light. The accessible k-space is limited by the
numerical aperture of the optical system: any k−vector outside of the outer dashed
line cannot be measured. b Computed k-space for a dipole source, d = d · xˆ ,
above a dielectric (n = 1.51) interface (Courtesy of Dr. Francisco Rodríguez-
Fortuño).
focal plane of the first lens. A typical k -space diagram is shown in Figure 1.8a.
The inner circle defines the light-cone: all k -vectors in the darker area represent
propagating waves and are usually accessible with far-field techniques. The ac-
cessible k-space can be increased employing high-NA objectives. Any k -vector
outside of the outer circle cannot be measured. The Fourier relation ∆x∆k ≥ 1/4
links the extension in the momentum space to the spatial extension of the mode
under examination. An analysis of the Fourier space is thus in principle able to
give insights on the localisation properties of the optical modes that are emitting
light. The limit of this analysis is the limited size of the accessible momentum
space as shown in Figure 1.8a. The study of the Fourier space can also be used to
identify the dipolar emission pattern of small objects and antennas or the higher
orders of the multipolar expansions of more complex objects. In Figure 1.8b the
computed k -space of a dipole oriented along the x -direction and positioned in
close proximity to a dielectric interface is shown. The picture shows that light is
emitted mostly beyond the cone of light (k ≥ k0) with the maximum at the criti-
cal angle in the direction perpendicular to the dipole moment (y in the figure),
while there is no emission at the critical angle along the dipole axis. The angular
emission pattern of a quantum dot is shown in Figure 1.6d. Most of the light is
collected between the critical angle defined by the inner circle and the NA limit.
Because of the symmetry of the dot and consequent level degeneracy quantum
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dots do not have a defined dipole moment, therefore light is emitted without a
preferred direction.
An example of Fourier spectroscopy allowing to identify the dierent nature of






























Figure 1.9: Electric and magnetic dipoles radiation patterns. Angular emis-
sion pattern of a Eu3+:Y2O3 thin film (Courtesy of Prof. Rashid Zia) a b λ <
600 nm (electric transition); c d λ> 600 nm (magnetic transition). Recording
the light emitted with polarization parallel or orthogonal to the pump (along the
horizontal plane of the figure) allows to discern between a predominately electric
or magnetic dipole transition.
Prof. Rashid Zia) is illuminated with a 532 nm light polarised along the horizontal
plane of the figure. This crystal manifests both an electric and magnetic dipole
transition, the former being prevalent at wavelengths lower than 600 nm, the
latter at wavelengths above 600 nm [19]. By considering these two region of the
spectrum and analysing the two dierent emission polarisations – parallel and
perpendicular to the pump one – it is possible to distinguish two dierent emission
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patterns, as in Reference [19]. The electric transition pattern is similar in the two
cases although the pump defines a preferred emission direction. On the other
hand, the magnetic transition shows dierent patterns with a more prominent
quadrupolar component.
1.4.4 Random lasing measurements
Random lasing measurements are performed with a configuration similar to that
described in Figure 1.4. The main dierence is the requirement of an excitation
with a large pulse energy (∼µJ–mJ per pulse, depending on the excitation area),
which is required to achieve population inversion and therefore lasing. Random
lasing samples are pumped with the second harmonic of a Nd:YAG Q-switched
pulsed laser, at 532 nm wavelength, 10 Hz repetition rate and 6 ns pulse duration.
Moreover, due to the non-linear character of the lasing response in particular
around the threshold transition, large fluctuations and pulse to pulse variabilities
are often observed. Therefore, measurements are usually performed with a single
pulses. The detection software registers pulse energy and the sample emission
spectra in backscattering for each pulse in a large energy range of 5–6 orders
of magnitude achieved by a combination of neutral density filters for the coarse
control and a half-waveplate and a polariser for the fine control. This allows
to extract the relevant lasing parameters such as the lasing threshold from the
spectral evolution of the emission as shown in Figure 1.10a. The lasing transition
is recognised from the narrowing of the emission spectrum (FWHM) and the
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Figure 1.10: Lasing threshold in a rhodamine-6G and TiO2random laser.
a Normalised spectra at dierent pump power. b FWHM narrowing (orange





This rest of this thesis is structured as follows:
• In Chapter 2 a single emitter coupled to a nanofibre waveguide is investi-
gated, highlighting the modal coupling of the light sources to the guided
modes. This is a basic building block for the realisation of more complex
interconnected architectures.
• In Chapter 3, plasmonic systems undergoing an electrical percolation tran-
sition are investigated in self-assembled metallic films and lithographic sys-
tems of nanoantennas, as well as the role of global network-like behaviours
and collective long-range eects which emerge over disorder as a comple-
mentary scheme to the near-field engineering for the control and enhance-
ment of light emission.
• Chapter 4 concerns fully disordered dielectric systems: diusive media with
gain are investigated in the framework of random lasing, modelling the eect
of resonant scattering systems, as well as possible applications for sensing.
• The Conclusive chapter summarises the results of this thesis with a critical
review of the work and considerations on the future extensions and expected
developments.
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2 Modal coupling of individual
quantum dots to a nanofibre by
momentum spectroscopy
A system composed of free-standing sub-wavelength polymer nanobres
with embedded individual colloidal quantum dots is investigated, demon-
strating a platform providing large coupling and long range propagation
of single photons. The nanobres are fabricated by electro-spinning of a
polymer solution with emitters dissolved prior to fabrication, thus the emit-
ters are embedded in the nanobre core, which allows for high coupling
eciency without complicated fabrication techniques. The system oper-
ates at room temperature in non-resonant conditions, therefore it provides
broadband operation. We show how momentum spectroscopy of individu-
ally addressed emitters allows to measure the coupling and disentangle the
dierent modal contributions. We report broadband coupling to the fun-
damental mode up to β = 31±3% and a propagation length of ξ= 95±5µm,
in robust agreement with theoretical calculations.
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2.1 Introduction
In this chapter, we consider the coupling of a localized source to the propagating
optical modes of a nanostructure. Channelling of light emitted from a source into
low-losses propagating modes, such as those of a waveguide, is a fundamental
step towards the realisation of more complex architectures, as this would provide
the basic building block allowing remote addressing of the emitter and eventu-
ally allowing the interaction between distant emitters. Various coupling schemes
have been proposed and realised; nevertheless, a miniaturised and scalable single-
photon system operating at room temperature, showing higher coupling eciency
to an individual mode and with a broadband response, is still sought after.
When considering an individual fluorescence source in this context, an impor-
tant figure of merit is the coupling eciency β , describing the strength of the cou-
pling to the optical modes of interest over the other emission channels which are
typically considered losses. This can be defined as the ratio between the intensity





Other figures of merit to take into account are the propagation length ξ defining
the decay length of the propagating intensity I (I (x ) = I0e−x/ξ) due to the losses
in the system and describing the ability to deliver the emitted photon over long
distances as well as the ability to trap it into the system, and the enhancement of





describing the emission enhancement potentially raising the photon generation
eciency.
The choice of the material and fabrication techniques strongly aects the waveg-
uide operation and performance. Plasmonic waveguides with strongly confined
surface plasmon-polariton modes have attracted a lot of attention as they can
provide very high coupling eciency [47] and small footprint, but with limited
practical applications due to the strong ohmic losses in the metal, which can only
be partially reduced with sophisticated geometries [25, 26]. Hybrid architectures
have also been proposed [48].
Instead, dielectric nanofibres can combine a large near-field coupling with rel-
atively low propagation losses, realising a simple interface between light emitters
and propagating modes, through which energy transfer between distant sources
28
2 Modal coupling of individual quantum dots to a nanobre by momentum spectroscopy
can be enhanced [49, 50, 51, 52].
Experimental realisations include the coupling of epitaxial quantum dots to
photonic crystal waveguides in cryogenic conditions [53] with remarkable e-
ciency close to 100%, although this is limited to narrow-band resonances. Nev-
ertheless, the diculty of positioning the emitter into a specific location and the
incompatibility of lithographic techniques with common organic and inorganic
sources have pushed the interest towards simplified coupling schemes. One no-
table possibility is the employment of pulled fibres, which allow the coupling
of an external emitter located nearby the fibre thanks to the evanescent fields.
Evanescent coupling of colloidal quantum dots to nearby pulled silica fibres has
been obtained at room temperature with eciency up to ~ 30%, approaching ex-
perimentally [54, 55] the theoretical limit imposed by evanescence coupling [56].
The coupling can be enhanced by working in geometries exhibiting a deep sub-
wavelength confinement [57].
An ecient albeit harder to realise scheme, where the emitter is placed inside
a dielectric nanofibre has been pioneered for hollow fibres filled with a dense
atomic gas [58]. More recently, coupling of up to 18% has been achieved for single
molecules at cryogenic temperatures inside a pulled glass capillary [59], which
is remarkable given the low index of refraction contrast, and provides increased
robustness to the environmental conditions, the source being protected into the
fibre core. This demonstrates the potential of this coupling scheme; in the next
section, the characteristics of a dielectric cylindrical waveguide is investigated
numerically.
2.2 Modal coupling calculations
A step-index waveguide can be obtained considering a cylindrical fibre composed
of a material of index of refraction n standing in air (nai r = 1). A fibre sustains
propagating modes, characterized by a k component in the propagation direction
in between the light line in airω= c0k and in the materialω= c0k/n . For circular-
symmetric step-index fibres the modes are designated as LPnm according to their
symmetry. A fundamental mode (with polarization degeneracy) LP01 (which is
both TE and TM and thus also designatedH E11) is always available. Its dispersion
relation is shown in red in Figure 2.1. Higher order modes LPnmhave a cut-o for
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Figure 2.1: Step index bre modes. a The dispersion relation of the propa-
gating modes of a step index lies between the light line in air (ω= c0kx ) and the
light line in the material (ω = c0kx/n). a The fundamental (LP01) and b first
order (LP11) transverse spatial profiles (fields intensities).
corresponding to Dλ ' 0.7 for n = 1.5 in Figure 2.1. All propagating modes lie
between the air and core light lines.
The total coupling eciency can be obtained by FDTD simulations calculating
the light intensity transmitted through a monitor crossing the free-standing nanofi-
bre 4 µm away from a electrical dipole source, which is located in the centre of the
nanofibre. Figure 2.2 shows the calculated total coupling β in the case of a dipole
oriented transversally and longitudinally to the fibre, and located at the centre of
the fibre core of diameter. For common index of refraction (n = 1.5÷ 2.5), the
coupling is expected to be between 50% and 70%, which can be further increased
approaching 90% at n = 4 for single-modes fibres and transverse dipole orientation
(Figure 2.2a, blue). Figure 2.2 shows also that the dependence on the dipole orien-
tation, while for reason of symmetry the longitudinal dipole cannot couple to the
fundamental mode (Figure 2.2a, orange). Large fibre diameters allow coupling to
the other modes, and both dipole orientations have similar coupling eciencies
(Figure 2.2b)
When more then one mode is available, the modal coupling eciencies β (n ) ,
i.e. the coupling to the n -th mode, can be defined considering only light emitted
into the the specific mode I (n )p r op :
β (n ) =
I (n )p r op
It o t
.
The modal coupling eciency can numerically be obtained by mode projection
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Figure 2.2: Coupling eciency β as a function of the refractive index. The
total coupling eciency β for a transverse (blue) and longitudinal (orange) dipole
for a fixed nr /λ ratio is calculated by FDTD simulations. a The fibre is single
mode (D /λ ' 0.55 at n = 1.5) and only the transverse couple with β growing
quickly to 50% up to n=2 and subsequently a slower approach of 90% for n=4.
b In multimode regime (D /λ ' 0.8 at n = 1.5) both dipole orientations couple
with growing values at higher n.
of the same total intensity onto the independently calculated nanofibres modes.
In Figure 2.3 both the total coupling (β) and modal to a specific fibre modes (β01,
β11), the first excited one LP11, are plotted, for a fibre of refractive index n = 1.49.
While the total coupling β remains roughly constant for all diameters (red
dashed line in Figure 2.3), the theoretical coupling β01 to the fundamental mode
(red line in Figure 2.3) reaches its maximum value of β01 = 53% at D /λ= 0.55, and
and then quickly drops to zero for larger diameters due to the emergence of the
other modes, indicating that selective coupling to the fundamental mode is best
achieved for sub-wavelength nanofibres. Figure 2.3 also highlights the selective
coupling depending on the source orientation, due to the dierent fields profile
of the dierent modes.
2.3 Electrospun polymer nanofibres
Given the analysis in the previous section, in order to achieve maximum coupling
and ecient long-range transport, we require an architecture characterized by
large contrast in the refractive index, which can be achieved with a free-standing
geometry, sub-wavelength diameter and a quantum emitter is positioned at the
core of fibre. This hybrid nanofibre-emitter system is sketched in Figure 2.4.
The nanofibres are fabricated by electrospinning a polymethylmetacrylate PMMA
solution doped with CdSeTe colloidal quantum dots (Invitrogen QD800, emit-
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ting at 790 nm). Unlike electron-beam or focussed ion-beam lithography, the
electro-spinning process preserves the integrity of embedded organic and inor-
ganic light emitters [60]. By measuring the emission spectrum of the quantum
dots, we checked that the solvent, polymer matrix and organic salt do not aect
the photoluminescence properties of the embedded emitters. Doped fibres are
deposited either on a glass substrate or on a TEM grid producing free-standing
nanostructures with length of tens to hundreds of micrometres long with isolated
quantum dots. The nanofibre morphology was investigated by SEM and atomic
force microscopy. The fibre diameters were in the range of 200-1200 nm, with a
surface roughness (root-mean-square, RMS) of the order of few nm, and an almost
circular cross section (Aspect ratio' 0.9–1).
Given the refractive index of PMMA (n=1.49), we expect a theoretical maxi-
























Figure 2.3: Coupling of the quantum dot to the nanobre. Total (β) and
modal (β01) coupling is obtained by FDTD simulations (see Methods). While
the total coupling (dashed lines) β remains constant for larger diameters, the
coupling to the fundamental mode β01 (solid red line) and to the first mode (solid
blue line) quickly drops for D ≥λ due to the emergence of the other modes.
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Figure 2.4: Nanobre fabrication. Colloidal quantum dots are embedded into
the PMMA solution from which nanofibres are obtained by electrospinning. The
nanofibre is deposited on a TEM grid to obtain a free-standing design.
2.4 Single photon emission
A scanning electron microscopy (SEM) image of a typical free-standing nanofibre
is shown in Figure 2.5a. When illuminated with a red laser, the emitters can be
located via wide-field fluorescence imaging, as in Figure 2.5b.
The emission dynamics is studied by confocal microscopy and time correlated
single-photon counting TCSPC (TimeHarp 260, PicoQuant) with an overall tem-
poral resolution of ~100–200 ps. To prove single photon emissions we perform
Hanbury-Brown and Twiss interferometry (Figure 2.6a) under CW excitation (12








Figure 2.5: Individual emitter in free-standing nanobre. a SEM picture of
a free-standing nanofibre. b Wide-field fluorescence image of a similar nanofibre
highlighting the presence of isolated quantum dots (dashed square)
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Figure 2.6: Addressing a single quantum dot coupled to a nanobre. a The
discrete nature of the photons emitted by the single quantum dot is proven by
the second order correlation function, obtained via continuous-wave laser ex-
citation (12 µW, 633 nm) which leads to g2(0) = 0.1 ± 0.03 when fitted with
g2(t ) = A(1−1/N ·exp(|t |/τ′)). b The fluorescence dynamics of the same quantum
dot under picosecond excitation (1.5 µW, 2.5 MHz, 634 nm) is fitted with a single
exponential decay leading to an excited state lifetime τ = 137± 0.1 ns. c The
time trace of the photons emitted by the quantum dot shows a blinking behaviour
with on- (∼10.5 kcounts/s) and o- (∼0.3 kcounts/s) states as highlighted in the
histogram.
lected by the same objective and directed to two avalanche photodiodes (APD)
in start-stop configuration, obtaining the intensity correlation function g2(t ) . By
fitting with
g2(t ) = A[1− (1/N )e xp (|t |/τ′)], (2.3)
we obtain the typical antibunching behaviour with g2(0) = 0.1±0.03 (and τ′ = 84±3
ns) which confirms single-photon emission.
The excited state lifetime for the quantum dot is measured under picosecond
pulsed excitation (100 ps, 634 nm, 2.5 MHz repetition rate, average power 1.5 µW)
In the specific case shown in Figure 2.6b, a single exponential fit gives τ= 137±
0.1 ns. The dierence between τ and τ′ can be explained via an incoherent
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Figure 2.7: Emission saturation. Intensity emitted by a single quantum dot em-
bedded in a nanofibre and in a reference film as a function of the illumination
intensity. The repetition rate of our pulsed laser is set to 2.5 MHz. The quan-
tum dot reaches saturation values of 35 and 95 kphotons/s respectively at around
0.5 µW (2.5 MHz, 532 nm). The red line is a fit to the data using a two level
saturation model[62].
repumping term R, with τ′ = (1/τ+R )−1, as shown in Refs. [61, 47]. Light collected
from the nanofibre-coupled quantum dots under CW excitation (12 µW, 633 nm)
has a typical blinking behaviour and an average photon flux of ~10 kcounts/s, with
an o state of ~300 counts/s (Figure 2.6c).
We study the emission intensity and stability stability at dierent pump inten-
sities. In Figure 2.7 we compare the recorded intensities (in the on-state) for a
quantum dot in an homogenous polymer film and for a quantum dot in a nanofibre
for a pulsed excitation (2.5 MHz, 532 nm, pulse widthτp = 100 ps). The satura-
tion intensity is in both cases a of 0.5 µW in a diraction-limited illumination area
(i.e. 0.8 W/cm2). The solid lines are fits obtaind using the saturation curve of a
two-level system
S = S∞(I /Is )(1+ I /Is )−1[1−exp[−(1+ I /Is )τp/τ f )], (2.4)
where I and Is are respectively the excitation and the saturation intensities, and
τ f the decay time of the quantum dots. From the fit we obtain a saturation count
rate S∞ = 95 kHz and Is = 6.5 KWcm−2, and S∞ = 42 kHz and Is = 6.1 KWcm−2
35
2 Modal coupling of individual quantum dots to a nanobre by momentum spectroscopy
respectively. The lower count rate at saturation is due to the reduced collection
eciency of our microscope when the emission is coupled to the nanofibre, which
we have estimated to be ~2–3% for polymer films and 1.45 NA oil immersion ob-
jective and ~1–2% for free-standing fibres and 0.95 NA air objective. At saturation
the quantum dot emits one photon per excitation pulse, i.e. 2.5 Mphotons/s, given
our laser repetition rate of 2.5 MHz; in reality this value is reduced by the less
than unitary quantum eciency (~0.8) and by the time the quantum dot is in the
o-state (~ 30% on-state due to blinking) to a value that we estimate to be around
0.5 Mphotons/s.
2.5 Purcell enhancement
Light sources placed inside a sub-wavelength nanofibre suer from suppressed
emission rates due to a smaller than unity Purcell factor at the high-low index
(PMMA-air) interface coming from the reduced local density of optical states [23].
We measured the decay rate Γ distribution of individual quantum dots inside free-
standing nanofibres, as shown in Figure 2.6d, and compared them to a reference
PMMA film. The lifetime traces were fitted with both a single exponential and a
lognormal model, and the one providing the highest accuracy was retained. While
both systems show a large Γ distribution with a full width at half maximum around
~70%, when the emitters are inside the free-standing nanofibre the average decay
rate decreases from 12× 10−3 ns−1 to 9× 10−3 ns −1 (Figure 2.8a). Assuming that
the quantum dots are randomly oriented in the nanofibre, the data agrees well
with the theoretical predictions that we obtained through the finite dierence time
domain (FDTD) method, plotted in Figure 2.8b and 2.8c, which are obtained by
calculating the intensity emitted by a dipolar source in dierent position inside the
nanofibre normalised to the emission in the bulk material. Figure 2.8b and 2.8c
show the LDOS maps normalized to the bulk material for two dipolar orientations
inside the PMMA sub-wavelength nanofibre. The Purcell factor is close to unity
(in the range 0.8 to 1) in the case of a longitudinal dipole (Figure 2.8b) and
conversely, it is reduced to around 0.5 for a transverse dipole (Figure 2.8c).
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Figure 2.8: Purcell eect for the coupled emitters. a Decay rates distri-
butions measured from the quantum dots in the standing fibres (blue) and in a
PMMA film used here as a reference. The shift of the decay rate distribution
towards smaller values, from an average of 12 × 10−3 ns−1 to 9 × 10−3 ns−1, is
compatible with the predicted values. b Calculated LDOS maps for a dipole
longitudinal and c transverse to the fibre with 300 nm diameter (D ) at dierent
transverse positions. For D < λthe LDOS is almost uniform inside the nanofibre
with values in the range of 0.45 to 1 depending on the dipole orientations. This
is related to the presence of the interface that gets polarised by the dipole either
in phase (longitudinal) or out-of-phase (transverse).
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2.6 Photon transport through the nanofibre
Transport through the nanofibre can be confirmed qualitatively by studying a
nanofibre lying on glass when purposely cut by a razor blade as shown in Fig-
ure 2.9. Here we present two wide-field emission maps with the excitation located
at the quantum dot position (Figure 2.9a) and at the nanofibre cleaved tip (Fig-
ure 2.9b). The excitation laser is marked by the red circle. In both cases, the wide
field image clearly shows the transport of light through the nanofibre. A cross
section along the nanofibre is shown in Figure 2.9c and 2.9d, respectively, which


































Figure 2.9: Remote addressing of individual emitters. Wide-field fluores-
cence images of an intentionally cut nanofibre lying on a glass substrate. a The
exciting laser is focussed on a quantum dot. b The laser is moved to the nanofi-
bre tip end as marked by the red circle. The corresponding line-plots along the
nanofibre are shown below: c when exciting the quantum dot the bright spot at
the nanofibre tip, which is ∼ 10 µm away, indicates ecient light transport with
a relative intensity of 12%. d Instead, when illuminating the exposed nanofibre
tip, the laser light couples well to the nanofibres and is able to excite the distant
quantum dot.
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Figure 2.10: Light transport through the nanobre. a A nanofibre with an in-
tentional high-density of quantum dots which are remotely excited (the excitation
position is outside the field of view and is transported through the nanofibre). b
The transport length is measured by exciting a nanofibre filled with an IR laser
dye (IR-140) emitting at around 800 nm. The excitation is 20 µm outside the
field of view. The fluorescence intensity recorded along the fibre is fitted (orange
curve) after subtracting the background (shown in yellow), obtaining a propaga-
tion length of 95± 5µm , which is an underestimation of the actual propagation
length in absence of the dye absorption.
tip, which is 12% of the intensity collected directly at the quantum dot location
and leads to a qualitative estimation of the coupling β = 24%, assuming a similar
collection eciency at both positions. These large values indicate that the nanofi-
bre has a broadband response, capable of eciently channelling the light emitted
by the quantum dot in a bandwidth of more than ∼ 100 nm.
To study the transport properties of the free-standing systems we consider an
nanofibre intentionally doped with many quantum dots; their fluorescence at lo-
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cation distant from the illumination spot is a direct evidence of transport of the
exciting laser light through the nanofibre, as shown in Figure 2.10a which reports
quantum dots excited as far as 60 µm from the laser spot. The granularity of the
quantum dot doping impedes a quantitative estimation of the propagation length
which can be obtained by recording how the fluorescence intensity leaks from a
nanofibres doped with an IR dye (IR-140) which is shown in Figure 2.10b. By fit-
ting with an exponential model (I (x ) = I0 exp(−x/ξ)) the leaked light we obtain a
propagation length of ξ= 95±5µm . This is a conservative estimation as the mea-
sured propagation length is a combination of the nanofibre scattering and the dye
re-absorption. Theoretically, we expect a propagation length of 100–1000 µm, as
calculated by including Rayleigh scattering [63] from the nanofibre surface rough-
ness (few nm) as measured by atomic force microscopy.
2.7 Coupling measurement from momentum
spectroscopy
Whenever direct access to the coupled light is not available, probing the coupling
factor requires indirect estimations, such as those drawn from the lifetime varia-
tions of on- and o-coupling [53], or from the collected scattered light [55, 57]. We
have seen in Section 2.5 that in our system the emission rate is not enhanced but
rather weakly reduced. Although counter-intuitive at first, this it is due to the fact
that the presence of a fibre not only provides an additional decay channel but also
modulates the previously available ones. Instead, momentum spectroscopy of the
emitted light directly accesses the coupling of the emitter to the nanofibre modes
and allows us to calculate the modal coupling in an original way, without mea-
suring the light transported by the nanofibre. We apply Fourier patterns analysis
which is emerging as a reliable quantitative tool to probe otherwise inaccessible
information about the emitter [19] and its emission directionality [31]. We mea-
sure the light emitted in momentum space by recording the angular patterns of
the radiation emerging from individual quantum dot inside a nanofibre lying on
glass imaging the back-focal plane into a CCD camera. The excitation and col-
lection was achieved through an oil immersion objective (100×, NA=1.45). Index
matching allows access to large angles, up to the numerical aperture of our ob-
jective, which encompasses the wave-vectors of the guided modes beyond the air
light-line. We collect Fourier patterns as shown in Figure 2.11a and 2.11b for two
nanofibres: a thin one, in the single mode regime (D /λ = 0.5, Figure 2.11a) and
a thick one, in the multimode regime (D /λ= 0.9, Figure 2.11b). These emission
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Figure 2.11: Angular pattern of quantum dots coupled to the nanobres.
a and b , Experimental angular patterns and, c and d , the corresponding
theoretical calculations (FDTD) of the radiation emitted from a quantum dot
in nanofibres on glass of dierent diameter for D /λ = 0.5 (upper plots) and for
D /λ= 0.9 (lower plots).
patterns are clearly dierent from those obtained from an isolated quantum dot
(See Figure 1.6d). Each pair of momenta lobes (positive and negative kx ) beyond
the air light-line (|kx | > 1), elongated in a direction orthogonal to the nanofibre,
are the k-vector distribution of the distinct nanofibre modes. This is a clear ex-
perimental signature of the individual coupling of the quantum dot to each of
the nanofibre modes which is in very good agreement with the calculated Fourier
patterns shown in Figure 2.11c and 2.11d.
In Figure 2.12 the mode dispersion structure is reconstructed from the calcu-
lated angular pattern of a dipolar source in the centre of a nanofibre. The angu-
lar patterns are obtained by means of far field projections of the electro-magnetic
fields in a plane 300 nm outside the nanofibre inside the substrate of a nanofibre
laying on glass. Calculations with and without the glass substrate show that the
low-refractive index interface below the nanofibre only weakly aects the modal
dispersion, inducing only a spectral broadening due to the increased losses into
the glass. The intensity map indicates the coupling strength of a longitudinal
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Figure 2.12: Momentum spectroscopy analysis. Theoretical calculations of
the coupling of a dipole to the modes of the nanofibre obtained from the angular
emission patterns of a longitudinal (blue) and transverse (red) dipole located at
the centre of the nanofibre, normalized to the maximum coupling. Inside the air
light-cone, the light corresponds to uncoupled emission and is therefore similar
for both dipolar orientations. Instead, the emission for k-vectors beyond the air
light line can couple to the nanofibre modes (high intensity red and blue bands).
The emission maxima correspond to the dispersion of the two nanofibre modes.
The analytical dispersion relation of the first two modes of the nanofibre in air
(LP01 and LP11) are plotted as white dotted lines.
(blue) and transverse (red) dipole to the nanofibre, normalised to unity, which is
the maximal value in the plot. The guided modes are visible as two lines that
stem from the air light-line ω = c0kx growing to larger k-vectors up to the poly-
mer light-line ω = c0kx/n . Due to the dierent spatial symmetry of the modes,
the transverse (red) dipole couples almost exclusively to the fundamental mode
LP01, and the longitudinal (blue) to the second higher mode LP11. Instead, the
light emitted inside the light cone in air (ω > c0kx ) corresponds to uncoupled
radiation, emitted into free-space modes. We confirm this selective coupling and
the nature of the modes by superimposing the analytical solution (dashed white
lines) of the dispersion relations of the modes for a free-standing nanofibre [64].
The analytical solution matches the maxima of the coupling of the two dipole-
orientations which confirms that the strength of the momenta peak is a direct
measure of the coupling of the emitter to a specific wave-vector, i.e. to a specific
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nanofibre mode.
Therefore, from the ratio of the coupled and uncoupled light the total coupling
constant β as well as the coupling to the fundamental mode β01 can be estimated.
From the recorded the angular emission patterns I (kx ,ky ) we calculated the in-
tensity distribution
I (kx ) =
∑
ky
I (kx ,ky ), (2.5)
where kx is the component of k along the nanofibre axis. We estimated the
nanofibre diameter D by comparing the position of the peaks in the experimental
Fourier patterns with the theoretical modal dispersion. As the nanofibre modes
are only marginally aected by the glass interface, the light emitted in the k-regions
beyond the light-cone in air corresponds to guided modes (|kx |> 1), and the light
inside the light-cone in air to the uncoupled modes. For multimodal fibres, owing
to the modes’ orthogonality in k-space, dierent modes have dierent wave-vectors
for the same energy; this allows to assess the individual coupling to these modes
by measuring the relative strength of the Fourier peaks. In this way, the coupling
to the fundamental mode β01 can be separated from the total coupling β to all the
waveguide modes. The coupling eciency β is obtained as the ratio between the
light emitted into the guided modes region (|kx |> 1) and the total emitted light:
β = I (|kx |> 1)/I , (2.6)
while β01 is the ratio between the intensity of the k-vector corresponding to the
mode LP01 and the total emitted light. This can be generalised for all other higher-
energy modes.
The accuracy of this estimation can be confirmed by Finite Dierence Time
Domain (FDTD) calculations (Figure 2.13). The coupling to a nanofibre lying on
glass calculated by far-field projections of the light emitted towards the substrate
is compared to the value obtained by mode projection of the light transmitted in
a free-standing nanofibre (as in Figure 2.3). The agreement between the values of
β obtained from the two methods of momentum spectroscopy and direct modal
coupling is within 10% for both dipole orientations, for the considered diame-
ter range D = 300− 1000 nm. The discrepancy is explained due to the variable
transmissivity of dierent k-components to the far field. For small diameters, the
overestimation is also explained in terms of light emitted in the upper direction
and not collected by the objective. In the real experiment, the collection is lim-
ited by the objective NA and response, which for large k -vectors further lowers
the apparent coupling.
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Figure 2.13: Coupling estimation from momentum spectroscopy. FDTD
calculation of the coupling obtained from the momentum spectroscopy analysis
(solid lines) of a nanofibre lying on glass compared to the direct probing of the
transmission of a standing nanofibre (dashed line) for a longitudinally-oriented
dipole (blue lines) and a transversally-oriented dipole (red lines). The comparison
shows that the momentum spectroscopy analysis overestimates β by a maximum
of 10% for the diameter under examination.
We obtain the coupling values from the experimental angular patterns accord-
ing to Equation (2.6) as shown in Figure (2.14), where the lines represent the the-
oretical predictions and the points indicate the experimental data. The measured
coupling values (green bars in Figure 3) are in the range β01 = 21± 2%–31±3%
for single mode nanofibres, and β01 = 5± 1% for multimode nanofibres, where
also the coupling to the second higher mode LP11 increases (orange bars in Fig-
ure 2.14). The errors come from the uncertainty in the position of the peaks in the
k-space: an uncertainty is attributed to both D and β due to the uncertainty in the
k-space calibration that we quantify as 0.05. As expected, the experimental values
are lower than the theoretical prediction for a transverse or longitudinal dipole,
as in the experiments the quantum dot’s dipole moment is randomly oriented.
These findings confirm that large single mode coupling can only be achieved with
sub-wavelength nanofibres.
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Figure 2.14: Modal coupling of the quantum dot to the nanobre. Experi-
mental values obtained by momentum spectroscopy. The coupling to the funda-
mental mode LP01 are plotted as circular green points (and green bar). In the
multimode region (grey shaded area), coupling to the second higher mode LP11
are shown by an orange bar and the total coupling is marked by orange squares.
The experimental values are compared to the theoretical calculations for the two
dipole-orientations (red line for transverse, and blue line for longitudinal). The
error bars originate from the uncertainty in the position of the peaks in the k-
space.
2.8 Conclusions
In conclusion, we have developed a nanofibre single-photon light source architec-
ture, integrating a quantum emitter into a low loss single mode optical waveguide,
and operating at room temperature. Using a novel approach based on momentum
spectroscopy, we have quantified the coupling eciency of individual quantum
dots to each nanofibre mode, obtaining large broadband coupling of the emit-
ted light. The momentum spectroscopy method we developed here is also ideal
for probing nanofibres with more complex modes, as for example periodically
corrugated nanofibres [65], where the induced bandgaps would be evident in the
dispersion relation.
The combination of large coupling and propagation length, together with the
robustness and flexibility, make these soft-matter nanofibres a potential platform
for further optical studies on large scale systems, by connecting them to form a
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1 μm 1 μm50
Figure 2.15: Nanobre networks. a Complex free standing interconnected
architectures can be obtained with electrospun nanofibres. b Details of nanofi-
bres (on glass) which have been melted by annealing to form an interconnected
networks.
networks (Figure 2.15). On one hand, these fibres can host a large density of dye
molecules, for instance obtaining lasing systems. On the other hand, the ability
to address single-photon sources have potential for quantum optics applications;
moreover, these systems are compatible with cryogenic experiments, and therefore
suitable for further studies on coherent interactions.
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We study self-assembled semi-continuous gold lms and lithographic gold
networks characterized by large local density of optical states (LDOS) uc-
tuations around the electrical percolation threshold, a regime where the sur-
face is characterised by large metal clusters with fractal topology. We de-
velop on the framework of optical nanoantennas which have revolutionised
the way wemanipulate single photons emitted by individual light sources by
enhancing the absorption and emission eciency; to go beyond the eect
of single and few nanoantennas, we fabricated plasmonic networks formed
by self-assembly and by electron beam lithography. We study the formation
of plasmonic networks and their eect on light emission from embedded
uorescent probes in these systems. Through uorescence dynamics ex-
periments we discuss the interplay between long-range properties, such as
the topology of the network at the percolation phase transition, i.e. the
formation of a fractal cluster covering the whole structure, and the short-
range local features on the order of few nanometers in size which are related
to the inter particle gaps and strongly aect the local eld enhancement.
Our experiments indicate that the uorescence modication due to local
short-range properties dominates over the eect of the collective degree of
percolation.
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3.1 Introduction
In the previous chapter, we have investigated how the emission of light from a
single source can be coupled to the propagating modes of a nanofibre. The system
was based on dielectric material, thus avoiding intrinsic losses of metals. However,
these structures did not provide emission and light interaction enhancement, i.e.
the Purcel factor was close to 1, limited by the weekly sub-wavelength spatial
extension of the propagating modes. Instead, metallic nanostructures can play
a dominant role in light emission control, owing to the potential of plasmon-
enhanced light-matter interaction. In fact, the surface plasmon resonances of
small metallic particles can lead to enhanced spectroscopy, for instance to achieve
increased sensitivity [66], high resolution single molecule localization [67], and
enhance non-linear processes [68].
Plasmonic particles allow to squeeze the light to sub-wavelength volumes, re-
sulting in the the arising of electromagnetic hotspots which can increase the ab-
sorption and emission of light of emitters by few orders or magnitude [28, 29]. Dif-
ferent particle shapes with increasing complexity have been investigated to tune
and strengthen the plasmonic response. Beyond simple spheres and rods many
other shapes have been fabricated, as for example nano-shells [69], nano-rings [70]
and cylinders with crescent shaped cross section [71].
Here we aim at building extended plasmon networks. When small metallic
particles are coupled together, their optical modes hybridise due to near-field
interactions and the resulting energy levels shift and split in analogy to molec-
ular orbital formation [72, 73]. Many particles can be also combined in chains,
with plasmonic modes delocalised over the chain; the optical response of two-
dimensional and three-dimensional chains have been interpreted as composed
of the contributions from smaller functional one-dimensional chains embedded
within them [74]. Furthermore, coupling of many antennas into dimer, trimers,
etc..., can give rise to a novel collective response, as in metamaterials based on
array of parallel nanorods [75].
In ensemble of many particles, the position of the electromagnetic hotspots is
often dicult to predict [76]. Moreover, the small volume of the hotspots makes it
dicult to precisely place the sources in the right location, and the large depen-
dence on the local particle shape make the performance dependent on the fabri-
cation defects. Eects arising from the global properties of the structure, e.g. the
mutual interaction of correlated particles ensemble, can instead be more robust.
For instance planar deterministic plasmonic architectures have been investigated
to engineering broad plasmonic resonances [77], to design transparent metallic
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fractal electrodes [78], and to control the optical wavefront with sub-wavelength
layers [79].
A more complex two-dimensional arrangement is constituted by metal semi-
continuous films. These disordered semi-continuous metal films were firstly in-
vestigated by means of scanning near-field optical microscopy (SNOM) showing
light localisation into hotspots down to few nanometers and a strong spectral de-
pendence on the probed site on the sample [80]. The localisation and coherence
properties in these and other disordered films have been investigated numeri-
cally [81] showing a peculiar coexistence at the same frequency of both localised
and delocalised modes (the so-called inhomogeneous localisation), with eigenmodes
characterised by multiple hotspots coherently distributed over large scale. In
particular, the near-field intensity fluctuations in random silver films have been
studied experimentally and explained in terms of the aggregates size distribution
using percolation theory [82].
These systems have been extensively studied by scattering experiments aimed
at identifying the plasmonic resonance. For instance, the extension of plasmonic
modes at percolation have been recently obtained in wavefront shaping experi-
ments [83] A dierent approach consists in studying the local density of optical
states (LDOS) which, as we have seen in Chapter 1, is a fundamental quantity
governing light-matter interaction. The LDOS is hard to probe by transmission
and scattering experiments as it relates to all optical modes at a given frequency
and spatial position. Instead, it can be obtained by fluorescence studies via the
Purcell factor P = Γ/Γ0, as the ratio between the decay in the medium Γ and the
reference decay rate in vacuum Γ0, given that the spontaneous emission rate of
optical emitters is proportional to the LDOS.
LDOS maps require scanning of the probe dipole and can be obtained by the
fluorescence dynamics of a source placed at the tip of an atomic forced micro-
scope (AFM) [37, 84], or by scanning the probe source generated by electron
impact and then by recording the cathodoluminescence signal [85]. Scanning a
sub-wavelength SNOM probe over the nanostructure surface gives information on
the LDOS map [86, 87, 88]. These techniques are restricted to small areas of up
to few µm2, and cannot be easily applied to the large systems we are investigating
here. In disordered media, the LDOS is best studied statistically. Several works
have measured the fluorescence lifetime of molecules or quantum dots dispersed
through disordered nanostructures. For example, in polymers films the LDOS
fluctuations have been related to the local inhomogeneities of the film [89] and
polymer segmental dynamics [90]. In 2D dielectric disordered media the LDOS
49
3 Percolating Plasmonic Networks for Light Emission Control
has been studied around Anderson localisation [91], while in 3D structures LDOS
fluctuations have been measured in the diusive regime [34], and long long-tailed
LDOS distributions have been obtained, and attributed to near-field and far-field
interactions [92].
In plasmonic systems, and in particular in semi-continuous metal films, the
LDOS statistical distribution of complex plasmonic systems has been recently
explored [35]. Fluorescence mapping on these systems has shown an increase
in fluctuations of the LDOS which has been linked to the presence of surface
plasmons localised modes by relating the variance of the LDOS fluctuations to
the inverse participation ratio RI P , which can be used as a qualitative measure
of the area occupied by hot-spots. Numerical computations have also allowed to
discriminate between radiative and non-radiative contribution to the LDOS [93]
and to highlight the dependence on the fluorescent distance between the source
and the gold surface [36]. The overall spatial extent of the eigenmodes has been
studied numerically estimating the averaged coherence length by computing the
cross density of optical states which shows an overall reduction of the plasmonic
modes extension around percolation [94].
Our interest in such systems is due to the fact that localised modes enhance the
LDOS and therefore induce large Purcell factors while the delocalised ones can
propagate the optical excitation to distant locations. Multiple coherent hot-spots
would potentially allow an ecient energy transfer between distance light sources.
Understanding the nature of such optical modes is therefore of fundamental impor-
tance. Here we compare LDOS distributions of self-assembled semi-continuous
networks and lithographically ones designed to undergo a percolation transitions
by performing fluorescence dynamics studies.
3.2 Self-assembled percolating networks
Semi-continuous metallic films can be obtained by thermal evaporation of no-
ble metals like gold or silver onto a dielectric substrate and subsequent thermal
annealing. We fabricated such sample on glass and silicon substrates: the glass
substrate is ideal for confocal microscopy, instead the silicon conductive substrate
is used here for the high resolution scanning electron microscope images (SEM)
shown in Figure 3.1.
We expect the network topology to be qualitatively similar in both cases, never-
theless, electrical conduction experiments (reported later in the manuscript) are
used to pinpoint the percolation transition on the glass samples. The properties
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Figure 3.1: Self-assembled gold lms deposited on a silicon substrate. SEM
images of films with dierent amount of gold, labelled by means of the equivalent
thickness t . a t = 6 nm: the structure is composed of mostly isolated particles.
b t = 8 nm: larger isolated clusters form. c t = 10 nm: connected clusters
develop, the system is above the percolation transition. d t = 15 nm: the sample
is almost a continuous film with sparse holes. The size bar shown is the same for
all images.
of the metal aggregates depend on the growth conditions and substrate and can
be controlled by tuning the amount of metal evaporated, which we describe by
the equivalent thickness t , which is extrapolated by scaling from large thickness
films, as that the thickness the sample would have had if it was a continuous film.
For small t the sample consists mostly of isolated metal particles of few nanome-
ters size (Figure 3.1a). As the amount of gold deposited increases, the clusters
grow in size with irregular shapes, changing from elongated but isolated objects
to more complex structures which touch at multiple points increasing the level
of connectivity of the system (Figure 3.1b); it is worth noting that the clusters
also grow in thickness, as for instance at t = 8 nm the covered area of the sample
is smaller than for t = 6 nm. Eventually, as the filling fraction increases further,
these clusters interconnect with each other at the electrical percolation threshold,
when a continuous conducting path of metal is formed between the ends of the
film (Figure 3.1c). When more metal is deposited, the system starts looking like
an irregular film with holes of smaller and smaller size (Figure 3.1d). As shown
in the SEM images, both local properties such as shape and size of the clusters,
the gaps and local connectivity, and the global network properties change across
the dierent samples. Furthermore, it has been shown that the fractal dimension
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1 cm
t=1 nm t=2.5 nm t=5 nm t=10 nm t=20 nm t=30 nm t=50 nm
Figure 3.2: Pictures of semi-continuous gold lm on glass. Each sample is
realised on a 25 mm microscope coverslip. The far-field scattered colour changes
with the amount of gold deposited. The size bar shown is the same for all images.
of the clusters in similar structures depends on the filling fraction [35].
The semi-continuous gold networks were made on microscope cover-slip glass
substrates by thermal evaporation of gold and no further thermal annealing. The
samples have an equivalent thickness ranging from 2.5 nm to 50 nm, as shown
in Figure 3.2. Due to the low contrast on the SEM images on non-conducting
glass, we verified the crossing of the electrical phase transition by measuring the
electrical resistance between edges of the samples with a digital multimeter, as
shown later in Section 3.5. The percolation transition occurs at t ' 10 nm.
3.3 Lithographic networks
Beyond thermal self-assembly, lithographic techniques allow samples of any given
topology to be controlled and designed with high resolution [95]. Electron beam
lithography (EBL) is a very flexible technique and allows to design and fabricate
structures beyond natural limits [96, 97]. Using EBL, we fabricated plasmonic
networks exhibiting a percolation transition and fractality similarly to the self-
assembled network, but with a mono disperse building block, a gold nanoan-
tenna, and a well-defined degree of percolation. The fabricated networks have an
area of ∼ 10×10 µm2 and inter-particle gaps of ∼ 25 nm, while the building block
is a gold nanoantenna of size 60 nm × 40 nm and 40 nm in height. The gold
networks have been fabricated on ITO(10 nm)/SiO2 substrates using Poly(methyl
methacrylate) (PMMA) as photo-resist and thermally evaporating 40 nm of gold
prior lift-o. We have chosen bond percolating on a square lattice as this is one
of the simplest geometries that combines strong near-field hotspots and collective
percolation. This is a well-known system which undergoes a percolation transition
at a well-defined value, i.e. p = 0.5 [98]. In our structures, each edge (or bond)
of the square lattice is occupied with a probability p with a rod as shown in Fig-
ure 3.3. We have created matrixes of up to 20000 elements and filling probability
p = 0.1, 0.3, 0.4, 0.45, 0.48, 0.5, 0.52, 0.55, 0.6, 0.8 and 1.
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p = 0.1 p = 0.5
500 nm
Figure 3.3: SEM images of lithographic gold networks. Lithographic net-
works are fabricated by EBL on glass substrates. As indicated on the images: a
p = 0.1, b p = 0.3, c p = 0.8, d p = 1, e p = 0.5. Each element of the network
is a nanoantenna of size 60×40×40 (L×W×H) nm. Each network is 10×10 µm2
and contains ∼ 104 rods.
The nanorods, as sketched in Figure 3.4a, are shaped in order to obtain a
narrow gap between them of about 25 nm, a distance that guarantees the near-
field coupling between their electromagnetic modes.
In this design the plasmon resonance of the single rod and the coupled system
is expected to be in the visible range. The single rod has a plasmon resonance
at around 650 nm. The resonance of two touching rods shifts to the infrared [99]
while the eect of the hybridisation of the modes of two coupled but not touching
rods is not as large [72]; in our case the two-rods resonance occurs at around
720 nm. Although there is no electrical percolation as the rods are not connected,
at each vertex of the grid a maximum of four rods can interact and a collective
plasmon mode can build up spanning many rods and spread across the system
following the rods chain. The electrical field intensity map on the structure upon
excitation with a dipole source obtained by finite dierence time domain (FDTD)
calculations is shown in Figure 3.4b. Beside the field map visualisation, the FDTD
simulations also allow to quantify the radiative and non-radiative contribution to
the Purcell factor by considering the energy radiated into the far-field and the
energy absorbed by the material. For a dipole oriented along the rod long axes
and located 7 nm from the rod inside the gap region, the total Purcell factor
calculated is ∼ 100, dominated by non-radiative terms. In this case, the radiative
Purcell factor is ∼ 5.
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Figure 3.4: Lithographic networks geometry. a Sketch of the sample struc-
ture shown in Figure 3.3: each nanoantenna has a size of 40×60 nm and the gap
between the nanoantenna tips is ∼ 25 nm. b Electric field intensity at λ = 720
nm obtained by FDTD simulations upon dipolar excitation at the location of high-
est intensity, 7 nm from the closest gold structure: plasmonic waves of coupled
nanoantennas are excited.
3.3.1 Topological properties
The topology of the network evolves with the parameter p as it can be understood
by direct visualization. Figure 3.5 shows the results of Monte Carlo calculations
on a grid with 100× 100 nodes, thus containing up to 2× 104 rods, which is the
same size of the system we fabricated. Panels a-d show specific realisations of
the system for dierent p -values below the percolation threshold (Figure 3.5a at
p = 0.4 and Figure 3.5b at p = 0.49), at the threshold (Figure 3.5c at p = 0.5) and
above percolation threshold (Figure 3.5d at p = 0.6). The cumulative cluster mass
distribution is defined as
C (N ) =
∫ N
0
f (n )n dn (3.1)
with f (n ) the cluster mass distribution probability, i.e. the number of clusters
constituted by n elements normalised on the total number of elements. C (N ),
which is shown below each realisation in Figure 3.5, represents the fraction of the
area which is filled with clusters of size up to N elements. The colour code in
Figure 3.5 is used to identify the clusters of dierent size. For small p the system
consists of isolated particles or small clusters: at p = 0.4 about half of the sys-
tem is composed by clusters with less than 10 elements, which are represented in
blue. The size of the other clusters with more than 10 elements composing the
system, which are represented in red, is limited at this filling probability to about
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Figure 3.5: Cluster size distributions. Monte Carlo simulations of the nanoan-
tenna network on a 100× 100 grid. Realizations at dierent filling probabilities:
a p = 0.4, b p = 0.49, a p = 0.5, d p = 0.6 . The dierent colours identify
clusters of dierent sizes: red for clusters with mass bigger than 10 elements, blue
for clusters with mass smaller or equal to 10 elements and green for the largest
cluster. The cumulative cluster mass distribution C (N ) is shown below each struc-
ture t At p = 0.4 about half of the system is constituted by clusters with less than
10 elements and the maximum cluster size is limited to about 100 nanoantennas.
For increasing values of p the average cluster size quickly increases. Above the
percolation transition the system is dominated by the percolating cluster.
102 elements, which is the size of the largest cluster highlighted in green. As the
p increases larger clusters appear with a higher probability and the largest cluster
starts to dominate the size distribution when the system approaches the percola-
tion threshold, for instance at p = 0.49. At the phase transition (p = 0.5) the size
of the largest cluster diverges reaching the system size. Above the threshold, the
percolating cluster alone dominates and fills almost the whole system apart from
few detached clusters of decreasing size.
In order to highlight the percolation transition, we computed the average cluster
mass weighted with the cluster mass, which is defined as
m = 〈 f (n ) n〉 . (3.2)
As f (n ) n is the fraction of area filled by clusters with n elements, m corresponds
to the average mass of the cluster that one would select by choosing a random
point of the structure. As shown in Figure 3.6a the average mass grows smoothly
far from p = 0.5 both in the low and high p range, while it grows quickly ap-
proaching the phase transition. We estimate the cluster extension by means of




∑ |r i − r cm |2 , (3.3)
which is the root mean square distance of the elements from the centre of mass
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Figure 3.6: Average cluster size. a The average cluster mass and b the
average cluster diameter on a 100 × 100 grid as a function of the percolation
parameter.
of the cluster r cm . The average cluster diameter weighted with the cluster mass is
d = 2〈RS f (n ) n〉 , (3.4)
which is shown in Figure 3.6b.
Two topological properties, the cluster diameter and cluster fractality are ex-
pected to be important for the optical properties of the plasmon modes. A plas-
mon wave is bounded to the metal, and while propagating loses energy both by
out-of-plane scattering and by ohmic absorption in the metal. These eects are
reflected in the plasmon propagation length lp which in continuous gold films is
typically 5−20 µm [100]. The optical interference which determines the plasmon
modes is limited to components within a length of the order of lp . The com-
parison between the cluster diameter and the plasmon propagation length lp is
therefore a good indicator of how the plasmon excitation will spread in the sys-
tem. If the cluster size is smaller than lp then its shape and boundary will aect
the hybridised plasmon mode and the optical response. Instead, if the cluster size
grows larger than lp , the plasmon response will saturate at a level that will not
depend any more on the cluster boundary as no optical excitation will be able to
probe it. In our networks in the region p = 0.3−0.5 the average cluster diameter
grows quickly, approaching the sample size of 10 µm, and eventually crossing the
plasmon propagation length (see Figure 3.6b).
The second topological property, the fractality, is harder to be taken into ac-
count as it is a multiscale property which acts both on the local features and
nanogaps as well as on the long-range shapes. At the phase transition the per-
colating cluster diverges in size, the structure is self-similar and the clusters are
known to be fractal. Besides the average cluster diameter, which is an obvious
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topological measure, also the fractal dimension is expected to have very impor-
tant relation with the optical properties of the plasmon modes. For example, in
the self-assembled networks, the degree of fractality of the system, calculated as
the ratio of fractal to non-fractal (Euclidean) clusters, has been connected to the
normalized variance of the LDOS [35]. For bond percolation networks, the fractal
dimension D can be defined as the scaling of the cluster mass versus the area,
i.e. m∝ RDS [98]. At the percolation threshold, the 2D bond percolation model
used to design the lithographic networks is known to have a fractal dimension D
= 91/48 [98], a typical value for 2D systems; similar values have been found also in
semi-continuous films [35, 101]. Above the percolation threshold the gold network
evolves towards a continuous uniform film with Euclidean dimension D = 2, while
for very small values of p the network consists of isolated antennas with no fractal
properties and again Euclidean dimension D = 2. A crossover between a fractal
and a Euclidean network is therefore expected in the region p > 0.5.
3.4 Fluorescence dynamics studies
As described in Section 3.1, the LDOS can be extracted from the decay rate
of an emitter. We performed fluorescent dynamics measurement via confocal
microscopy with individual fluorescent point-like sources dispersed on the surface
of the sample. We used dye-doped polymer beads (polystyrene- divinilbenzene) of
nominal diameter 50 nm internally doped with red Firefli dye molecules (Thermo
Scientific, absorption 542 nm, emission 612 nm). Each bead contains more than
∼ 102 molecules and has a well-defined orientation-independent optical response
and decay time that we measured to be τ = 5.5 ± 0.3 ns (〈τ〉 ±σ, where σ is
the standard deviation of the distribution) on a glass substrate. The beads were
randomly deposited on the structure by spincoating with an average density of
∼ 1 bead per µm2. A 532 nm laser (Nd:Yag second harmonic) with a 10 MHz
repetition rate and 100 ps pulses width is used to excite the fluorescent source
through an oil immersion objective (NA = 1.45). The same objective collects the
light emitted which is directed to an avalanche photodiode (APD) for detection
coupled to a time correlating single-photon counting (TCSPC) card for temporal
analysis. The beads are identified by scanning the sample by means of a piezo
stage and measuring the emitted photons with the APD for an integration time
of 1 ms per pixel and a pixel size of 100 nm, as shown in the inset of Figure 3.7.
The lifetime of each bead was collected by increasing the acquisition time of the
TCSPC to ∼ 10 s at a typical laser power of around 1 µW. Typical results are
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Figure 3.7: Lifetime measurements. Lifetime histograms from two emitters at
two dierent positions on a self-assembled network, with high (red open circles)
and low (blue open squares) decay rates. The initial peak with very short lifetime
comes from the gold self-fluorescence which is resolved as the instrumental re-
sponse (shown with the black dashed line). The continuous line through the data
is the single exponential fit. The spurious signal at t = 18 ns is due to after-pulsing
which is a common electronic artefact. In the inset, confocal scan on a 20 µm by
20 µm area of the sample which allows to identify the positions of the sources.
plotted in Figure 3.7.
We fitted the data with a single exponential function in the region highlighted in
Figure 3.7. The small deviations from the single exponential decay are due to the
averaging over the position and direction of the molecules inside the beads which
experiment slightly dierent LDOS as they are at dierent distances from the gold
surface. The large component with very short lifetime, which is more prominent
in the self-assembled networks is attributed to gold self-fluorescence. It shows as
a peak at short time which is the result of the convolution of a very fast signal
with lifetime < 10 ps (as previously reported [102]) with our instrumental response
(∼ 400 ps). After this first peak, the signal is due to the beads fluorescence. The
component we analyse is in the range 2− 18 ns (highlighted in Figure 3.7) with
a lifetime in the range 1 − 5 ns. For longer times, the signal merges with the
background. A peak at t = 18 ns is due to after-pulsing in the APD which is an
electronic artefact of this type of electronics. The typical statistical error of the
fit is < 5%, much smaller than the typical lifetime variation observed.
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Figure 3.8: Local density of states distributions. a Decay rate statistics of
self-assembled networks as a function of the equivalent gold thickness. b The
same for lithographic networks as a function of the percolation parameter p . A
change of width and position of the decay rate distribution is visible for both cases.
The maximum average Purcell enhancement (∼ 3) and the maximum variance for
self-assembled networks is between an equivalent thickness of 10 to 20 nm which
corresponds to the electrical percolation transition. The eect in the lithographic
networks is less pronounced and occurs for large p values, beyond the percolation
transition. For small p values the distributions are dominated by a significant
amount of beads on glass, uncoupled to the structure which accumulate to low
decay rates values. The maximum Purcell factor and the maximum FWHM of the
distribution occurs towards the full samples (p ∼ 0.8−1), far from the percolation
transition.
3.5 LDOS distributions
We performed an extensive decay rate statistics by collecting the lifetimes of up
to 300 beads for each sample. In the case of the self-assembled networks which
extend over a few cm2, a few dierent areas of the same sample were measured.
In the case of lithographic structures several realisations of the networks at the
same p where measured on the same sample. The decay rate distributions are
shown in Figure 3.8.
The topmost histograms are the references, i.e. the decay rate distribution for
beads on a glass substrate, which have an average value Γ0 = 0.18 ns−1. In both
the self-assembled and the lithographic systems the decay distributions change
shape and broadens as compared to the reference. From the top to the bottom
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Figure 3.9: Local density of states and percolation transition. a b The
variance of the LDOS distributions shown in Figure 3.8 for the self-assembled
and lithographic networks respectively. c The measured conductibility for the
self-assembled network, confirming the crossing of two electrical phases at around
10 nm in correspondence of the maximum of the variance. d The percolation
function, i.e the probability that a randomly chosen nanoantenna belongs to the
percolating cluster computed by Monte Carlo simulations for the lithographic
networks.
of Figure 3.8a and 3.8b we present the decay rate distribution resulting from the
experiments on networks with increasing filling ratio, which we indicate by \the
equivalent thickness t for the self-assembled networks and by the filling probability
p for the lithographic one. For the lithographic networks measurements within
the p -range of 0.4− 0.45, 0.48− 0.52 and 0.55− 0.60 have been combined. The
maximum mean Purcell factors are in the range 0.8−5 in both cases.
The variance of the distributions is plotted in Figure 3.9a and 3.9b: in both
cases the variance of the decay rate distribution increases for increasing value of
t and p , as compared to the reference. For self-assembled networks, the variance
increases reaching a maximum at around t = 10 nm, which corresponds also to
the maximum Purcell enhancement, and then decreases to smaller value in the
thicker samples. This maximum occurs together with a change in topology in the
network, which changes from disconnected clusters to a uniform plasmonic struc-
ture. Electrical conductivity measurements confirm the crossing of two electrical
phases at around 10 nm as shown in Figure 3.9c. For lower values of deposited
gold the conductivity is almost zero, while it grows abruptly once percolation is
established just above 10 nm. This value of t corresponds to the peak of the
variance in Figure 3.9d. The behaviour of the self-assembled networks we report
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is consistent with works on similar samples as shown in Reference [35], although
here the variance presents a smoother increase rather than an abrupt increase
around the percolation value.
The decay rate distribution from the lithographic networks shown in in Fig-
ure 3.8b broadens as p increases but present a dierent general trend. For small
p values the decay distribution is peaked at the same value as the reference, in-
dicating that a significant fraction of the sources maintain an almost unchanged
decay rate which we attribute to sources on glass, far and thus not coupled to the
gold clusters. This is due to the low gold filling fraction of the system. On the
contrary, the smaller grain size of the self-assembled networks guarantees a dense
covering of the sample surface down to the nanometer size at any filling ratio. In
the lithographic networks, until p < 0.5 the distribution grows a long-tail toward
larger Γ but no real shift of the mean is visible. For p > 0.6, where the network
is covered almost everywhere by the percolating cluster, as shown in Figure 3.5d,
the distribution shifts to larger values of the decay rate and the maximal values
are achieved towards the higher density samples, towards p = 1. The marked dif-
ference with the self-assembled networks is a monotonic increase of the mean and
variance of the distribution which does not seem to decrease again, nor to have a
special behaviour around the percolation transition. This transition is expected at
p = 0.5 as highlighted in Figure 3.9d by plotting the percolating function Perc(p ),
which is the probability of a rod to be part of the percolating cluster and is thus
related to the conductivity of the system [103]. Below p = 0.5, there is no perco-
lating cluster. At p = 0.5, where the percolating cluster begins to dominate the
network, the probability that the antenna is part of the percolating cluster rapidly
increases and for p > 0.6 it grows linearly as almost all rods which are added
to the system are in the percolating cluster. Comparison of Figure 3.9b and Fig-
ure 3.9d indicates that the decay rate variance on the lithographic networks does
not show a well-defined relation with the topological percolation transition. Only
a minor dip in the variance is visible at p = 0.5, instead of the maximum of the
self-assembled networks shown in Figure 3.9a.
In Section 3.3.1 we have discussed the cluster size and the cluster fractality as
two aspects which are expected to aect the plasmon response of the system. In
the case of the lithographic networks these quantities can be calculated, therefore
an assessment of their role can be attempted. In the region of very small p -
values the spatial extension of the plasmonic modes lp is expected to be larger
than the average clusters size d which is < 1 µm. For increasing values of p
we expect the cluster size d to become larger than lp and therefore to saturate
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the optical response. Such an eect does not appear in our data. However, it
is worth noting that the large number of uncoupled beads makes the analysis in
the region below percolation dicult. Regarding the fractality of the system, for
a 2D bond-percolating network structural fractality occurs only in a small region
close to p = 0.5 while the system is not fractal, as discussed in Section 3.3.1 , both
for very small p -values or in the region p > 0.5 when the percolating and large
clusters dominate the system. Our data do not show an evident eect related to
the fractality around p = 0.5. On the contrary, the general shift of the distribution
happens for p > 0.6, when the percolating clusters spans already all the system.
For p > 0.6 the main structural dierence is the local connectivity of the system:
the sample is always dense but as p increases the average number of linked rods at
each node (equal to 4p ) approaches its maximal value of 4. It has to be noted that
for self-assembled networks the fractality of the system can extend down to the
nanometer level, thus resulting in gaps between the metal particles of nanometer
size; on the contrary the lithographic networks always present a fixed gap of ∼ 25
nm.
Another dierence between the self-assembled and lithographic networks is
related to the network shape as while in the former the components are physically
connected, in the latter the rods are spaced by ∼ 25 nm. As we discussed in
Section 3.3, both networks are optically connected as the plasmons couple from
rod to rod, instead the self-assembled ones are also electrically connected. This
design was chosen to highlight the topology-related eects over those coming
from the resonant natures of the elements composing the network. Our results
seem to indicate that more attention and future investigations are required to
fully understand the impact on the LDOS distribution of the resonant response,
changing with the percolation paramenter and extending to the IR.
3.6 Conclusions
We have fabricated metal percolation networks by thermal self-assembly of semi-
continuos films and by EBL fabrication of gold nanorods matrices. We have in-
vestigated the LDOS distribution for dierent filling ratios of the systems by mea-
suring extensive statistics of decay rate and we have compared the broadening
and shift of the distributions in the two cases. While both the average Purcell fac-
tor and the variance of the decay rate distribution evolve following the network
topology, in the self-assembled films they peak close to the percolation threshold,
while for the lithographic case the most significant eect is not observed in the
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vicinity of the percolation transition but at higher filling probabilities. These con-
siderations suggest that the eect on fluorescence modification is dominated by
the local properties such as node connectivity and number of nanorods around
each position and are much less influenced by the degree of percolation, the frac-
tality or the extension of the modes. It is tempting to extend the results of this
observation to the self-assembled networks, but the lack of real control over the
topological parameters and a change of the shape of the building block with t
makes this far-fetched.
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random lasing: tuning the emission
and probing the chemical
environment
We study random lasing, i.e. amplication of light in a medium with mul-
tiple scattering, in which light propagation can be described by a diusion
equation. We focus in particular on how the spectral characteristics of the
lasing emission and threshold behaviour depends on the physical proper-
ties, such as the sample size, composition and mesoscopic structure, and
chemical parameters of the system, i.e. the dye molecule properties, by ex-
tending existing diusive models including the full spectral features. We
solve a multimode diusion model and calculate multiple light scattering
in presence of optical gain which includes dispersion in both scattering and
gain. In the rst part of the chapter we present a detailed numerical inves-
tigation of the tunability of random lasing in photonic glasses when the
resonances of monodisperse Mie scattering particles are controlled via the
particle size. In the second part of the chapter we focus on how the chemical
properties of the dye constituting the gain aects the emission. In particu-
lar, building on the uorescence sensing technology, we show how this can
constitute a promising sensing scheme, also providing a proof-of-concept
experimental realisation.
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4.1 Introduction
Hitherto, we have considered either isolated or localized emitters and focused
on their interaction with the environment. In this chapter, we study a system
composed of many emitters (∼ 1016–1017 per cm3), distributed into disordered
media. In such conditions, newly collective phenomena may occur. In particu-
lar, the emission by stimulated radiation may become dominant leading to lasing
emission. These systems are known as random lasers and are the topic of this
chapter. Despite its potential for practical applications [43], random lasing tech-
nology is still in its infancy with pioneering applications such as low coherence
light source [104] and sensing [105, 106, 107]. The diculty of controlling the
wavelength and directionality of the emission is one of the factors that has limited
practical applications. In conventional lasers the lasing emission can be tuned
by engineering the high finesse cavity which provides the feedback and thus de-
fines the lasing mode. In random lasing instead, feedback is provided by multiple
scattering and the lasing emission properties are determined by the complex in-
terplay between gain and losses. Recent experiments have shown lasing emission
controlled by exploiting scattering dispersion via resonant scattering sustained by
spherical particles [108, 109] or by gain dispersion achieved by artificially increas-
ing absorption in a spectral band [110]. Active tuning of the lasing properties has
also been achieved by shaping the pump profile to selectively excite one or a few
lasing modes [111, 112, 113]. Two main regimes are usually considered: a coherent
feed-back regime characterized by narrow spikes ( 1 nm) above threshold, strongly
sensitive to the local scattering properties, with chaotic behaviour and large pulse
to pulse variability; a diusive regime in which, due to for example a long pumping
pulse or large excitation area, the interference does not directly appear in the
recorded emission due to the averaging of a large number of modes, leading to
a smoother emission characterized by a narrowing of the emission down to few
nanometres. Here we will focus on diusive systems.
This chapter is divided in two parts: in the former a diusive model is employed
to investigate numerically the range of tunability of a photonic glass system with
resonant scattering, describing for instance a system composed by monodisperse
particles. In the latter, the application of random lasing systems as a sensing
device exploiting the inherent light-matter interaction enhancement and its non
linear response is investigated with the same numerical model and experimentally
realised on a biocompatible system.
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4.2 Diusion of light
Light is a vectorial wave phenomenon, which is fully described by Maxwell equa-
tions. When considering disordered systems, the complete solution of the elec-
tromagnetic problem on system of randomly varying refractive index is often im-
practical. Moreover, the solution depends on the actual microscopic properties
of the realisation under examination, requiring to perform an average on mul-
tiple disorder realisations to obtain the observable quantities. Instead, dierent
procedure lead to approximate solutions of which the diusion approximation is
one of the simplest, yet has proven to be describe very well the multiple scatter-
ing regime in opaque media. In this approximation, the interference eects are
neglected as they are averaged out by a large amount of independent scattering
events from randomly positioned particles. The transport is independent from
the wave nature of light, which is instead described by its intensity distribution
I (r , t ), while the media properties are described by a diusion constant D , inde-
pendently from the microscopic properties of the scatterers. The light intensity
density I (r , t ) obeys the diusion equation:
∂
∂ t
I (r , t ) =D∇2I (r , t ). (4.1)
This macroscopic approximation can be derived from the mesoscopic length-scale
in the framework of the Radiative transfer equation [114] or from the “ladder
approximation” of the Green function expansion of random point scatterers at
the microscopic length scale [115].
The most relevant physical quantity in a diusive system is the transport mean
free path `t , which corresponds to the average path required to fully randomize
light propagation:
`t = `s/(1−〈cos(θ )〉, (4.2)
where `s is the average distance between scattering events and θ is the scattering
angle, from which the diusion constant is obtained as:
D = `t v /3,
where v is the speed of energy in the medium. Compared to ballistic propagation,
the diusion relation gives rise to a linear intensity decay inside the medium, the
so called Ohm law for light, as shown in Figure 4.1 (blue line). In presence of
absorption with extinction length `a , the scattering further decreases the propa-
gation depth to La∝p`t `a (orange line).
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Figure 4.1: Diusion of light. 1D diusive system (`t = 40µm) is pumped
from the front surface (z = 0). Beside the initial transition from a ballistic to the
diusive regime for z ® `t , the propagation of light in a diusive medium results
in a linear decrease of the intensity with the depth (Ohms law for light, blue line).
In presence of absorption (`a = 56µm) the penetration depth is strongly reduced
(orange line).
The same framework has proven to describe very well light propagation in scat-
tering media with gain in a large variety of realistic conditions.
4.3 Diusive random lasing modelling
Dierent theoretical approaches to model random lasing action have been de-
veloped. For uncorrelated random systems in which interference between the
scattered waves can be neglected, diusive models as introduced in the previous
section are very accurate even in presence of optical gain [116, 117] and they
provide the time evolution of the lasing process and a smooth lasing spectrum
with no spiking lasing behaviour [118]. The radiative transport model with gain
can also be solved for instance with Monte Carlo simulations which consider a
random walk of photons [119, 120] and in which amplification of single paths
can be important in defining the spectral properties [121], and by solving the
complete radiative transfer equations [122]. These approaches allow the study
of large systems (> 100s mean free paths) and geometries similar to real experi-
ments. More complete models including field calculations and interference eects
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have been developed, based for example on Maxwell-Bloch equations [123, 124]
and the finite-dierence time-domain solution of Maxwell equations in nonlinear
media [125, 126, 127], but typically limited to volumes of a few wavelengths cubed.
Given a diusive system with diusion constant D , the optical gain, typically
provided by organic molecules, is described by the stimulated emission cross-
section σe , the absorption cross section σa , and the lifetime of the excited state
τ. The molecules composing the gain can be brought to the excited state by an
intense pump laser. Here we label N1 the density of molecules in the excited state,
which defines the gain length lg = (N1σe )−1, and N the total molecule density. We
model a translational invariant slab geometry similar to most experiments with
the 1D diusion equation for the pump Wp (x , t ) and the emitted light W i (x , t ).
These equations are coupled to a four level system gain described by one rate
equation for the radiative transition. The set of equation is the following:
∂ N1
∂ t





















where the emitted light is discretised in spectral bands λi , and i = 1..n . Ip (x , t )
is the intensity temporal profile of the pump, `a is its absorption length and v is
the velocity of light in inside the medium, and Φ is the quantum eciency of the
process. The spontaneous emission (fluorescence) spectrum defines the quantities
ϕi , with
∑
ϕi = 1. We solve the diusion equations (4.3-4.5) by means of standard
ODE solvers implemented in MATLAB for typical experimental configurations by
including the full spectral dispersion of both scattering and gain, beyond the sta-
tionary case [116] and few modes model [118], and we calculate the full spatial,
spectral and lasing dynamics, including mode competition and threshold varia-
tion. The main advantage of this multimode diusive model is that it includes
spectral dispersion of scattering, absorption and gain, without any assumptions
about the β parameter, which compared to previous works [117, 110], is not a free
parameter any more, but comes as a solution to the problem.
We choose to simulate typical experimental conditions [108]: the sample is a
slab 50 µm thick, with `t = 1.5 µm, and doped with a concentration of 1mM of
rhodamine 6G dye whose emission properties are taken from Ref. [128], and the
quantum eciency is assumed to be unity (Φ= 1). The system is pumped with a
6 ns laser pulse at a wavelength of 532 nm.
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Firstly, we consider a conventional RL, such as a polydisperse TiO2 powder,
where `t is not dispersive but roughly constant over the gain spectrum. In Fig-
ure 4.2 we plot the peak spectral fluence diusing from the system at the air-sample
interface together with the full width half maximum (FWHM) of the emission






































Figure 4.2: Characteristic plot of a random laser. The total peak intensity
(blue squares) and FWHM of the emission spectrum (orange circles) are plotted
for increasing pump energy density for a slab system of thickness L = 50 µm, trans-
port scattering length `t = 1.5 µm, and a 1 mM concentration of rhodamine 6G
providing the gain, excited by a single pulse of duration d = 6 ns at 532 nm. The
black dashed line is a guide to the eye to highlight the change of regime from
fluorescence to lasing.
sion is at P = 0.07 mJ/mm2, at higher pump intensities the peak fluence increases
super-linearly until gain saturation is reached; at the same time the emission width
quickly decreases from the broad fluorescence emission to a narrow almost con-
stant value at saturation. The threshold of the lasing emission is usually identified
in analogy to conventional lasing by considering the change in slope of the pump-
peak emission intensity relation or by considering the narrowing of the lasing
emission. We identify the threshold as the half narrowing of the emission spec-
trum, which is a typical experimental parameter more accessible than the change
of slope [129]. The FWHM of the emission narrows from the initial ∼ 35 nm of
the rhodamine fluorescence spectrum to ∼ 0.8 nm of maximum lasing narrowing.
The β parameter can be calculated from Figure 4.2 to be β ' 0.04.
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In Figure 4.3 the emission spectra below and above threshold and for an in-
termediate value are shown. Lasing occurs at the maximum of the gain, which





























Figure 4.3: Random lasing emission. The emission spectra (normalised) are
reported at dierent pump intensities: the fluorescence spectrum (blue) narrows
down for increasing pump intensity (red line) down to a 0.8 nm FWHM (yellow
line). The corresponding pump intensities are colour coded by the hexagons in
Figure 4.2. The lasing occurs at the maximum of the gain curve (dashed green
line).
the sample boundaries and by the gain saturation, and, as we confirmed, it is
not aected by the numerical spectral discretisation which is set to 0.1 nm. This
value diers from the typical experimental observations where the final linewidth
is typically in the range 5–10 nm [129, 108], as we are not considering any addi-
tional homogeneous and inhomogeneous line-broadening eects, nor the under-
lying complex multimode nature of the lasing peak.
4.4 Tuning random lasing in photonic glasses
In this section we investigate the range of tunability of a diusive random lasing
with intensity feedback when Mie resonances are excited. The model presented
in the previous section allows us to investigate a realistic photonic glass made of
latex spheres and rhodamine and to quantify both the lasing wavelength tunability
70
4 Spectral analysis of diusive random lasing
range and the lasing threshold.
We consider now the case of a medium characterised by resonant Mie scat-
tering. We simulate a system composed of close-packed (n = 1.6, filling fraction
f = 0.5) dielectric spheres with 1% radial polydispersity. We calculate `t by us-
ing Mie theory in the approximation of independent scatterers [130]. The Mie
resonances modulate `t as shown by the full lines in Figure 4.4a, where scatter-
ing is plotted together with the predicted lasing peaks for three sphere diameters.
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Figure 4.4: Eects of resonant scattering on the lasing spectrum. a The
Mie resonances of spherical scatterers (n = 1.6 in air) of similar size (polydispersty
1%) are exploited to tune the lasing emission. The emission wavelength is close
to the minimum of the transport mean free path (shown with the same colour of
the corresponding lasing peak) while inside the gain region (black line). b At
increasing pump power the emission peak wavelength shifts from the fluorescence
maximum to the lasing wavelength, stabilizing above threshold.
quency within the gain curve. Compared to what is shown in Figure 4.3b, now
the lasing frequency can be tuned by choosing the Mie resonance.
Figure 4.4b shows the narrowing and shifting of the emission peak while in-
creasing the pump energy. The crossing of the lasing threshold is now evident as
71
4 Spectral analysis of diusive random lasing
a narrowing of the emission spectrum while the lasing peak shifts away from the
maximum of the fluorescence curve. Frequencies close to the maximum of the gain
initially dominate, as they receive a larger fraction of the spontaneous emission,
but those with larger scattering and gain eventually prevail above threshold.
Finally, we study the range of tunability that can be achieved by resonant scat-
tering. In Figure 4.5a we present the calculated transport mean free path at
λgain = 555.5 nm, which is the wavelength corresponding to the maximum of the
gain. For very small scatterers, which are in the Rayleigh regime, the scattering
a
b





















Figure 4.5: Tuning the lasing emission wavelength via resonant scattering.
a Transport scattering mean free path `t computed by Mie scattering (spheres
of refractive index n = 1.6 in air, filling ratio f = 0.5 and 1% polydispersity) at
λgain = 555.5 nm. b Lasing emission wavelength for resonant scattering. When
the particle size is increased from non-resonant Rayleigh scattering (r  λ) to
Mie scattering, the lasing emission wavelength is tuned to follow the scattering
resonance in a range of 25 nm inside the gain curve (grey area). The red lines
are further plotted in Figure 4.6a.
increases with the particle size; instead this trend is reversed approaching the
Mie regime. The minimum scattering length is achieved at r ® λ/2, which cor-
responds to the onset of the first Mie resonances; subsequently `t increases with
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a resonant behaviour, while the resonances get closer and closer. As previously
shown in Figure 4.4, this modulation in the scattering induces a tuning of the
emission wavelength which is now explicit in Figure 4.5b where we plot the las-
ing frequency versus the particle reduced radius r /λgain. While in the Rayleigh
regime the lasing emission follows the maximum of the gain, for r > λ/2 the
emission starts to red-shift following the Mie resonances. The wavelength jumps
correspond to the appearance of a more favourable resonance which pulls the
lasing wavelength in the blue part of the gain region. The tunability range for the
simulated system is highlighted by the area in grey and it is roughly 25 nm.
Figure 4.6.a is a zoom in of Figure 4.5.b and shows in detail the lasing frequency
































Figure 4.6: Details of the emission wavelength and lasing threshold.
a Pulled by the Mie resonances, the lasing emission redshifts until the next
Mie resonance enters the gain spectral region. This competition is shown by
the tooth-saw profile. The numerical values (squares) are compared to the ana-
lytical prediction (orange line) obtained by the minimum of the critical length
L c r =pi
Æ
`t `g /3. b The threshold, defined as the point of half emission narrow-
ing, is quite constant in the tuning range apart close to the frequency jumps, when
the competition between the two lasing peaks strongly increases it.
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separated by two jumps. The numerical results of the model are compared to
analytical diusion calculations which predict lasing occurring at the wavelength
which minimises the critical length L c r [108, 109], the length above which the
gain exceeds the losses. In a slab geometry, and under the approximation of
uniform gain, the critical length is Lcr = pi
Æ
`t lg /3. The minimum of Lcr and the
numerical results are in good agreement, with significant dierences only close to
the wavelength jumps where the simplified analytical model fails to account for
the competition for the gain. We attribute this to the increased mode competition
between two dierent Mie resonances. Mode competition is strong for particle
sizes around r = 571 nm and 595.5 nm, and this is reflected by an increased
threshold. For instance, the threshold does not always decreases monotonically
when the lasing emission approaches λgain. For the other lasing frequencies the
threshold is quite constant in the whole region of tunability with values around
0.1 mJ/mm2. In addition, Figure 4.7 shows that for particles size r = 571.9 nm,
corresponding to the lasing wavelength jump at r /λgain ' 1.03 in Figure 4.6, the
spectrum develops two competing peaks, one corresponding to the maximum




































Figure 4.7: Mode competition. The emission spectrum for particle size {r =
571.9} nm (r /λgain ' 1.03, P = 13.7 mJ/mm2) show two competing peaks, one
corresponding to the maximum of the gain (black dashed line) and one corre-
sponding to the minimum of the scattering length (orange line), of which one
finally prevails for large enough pump energy.
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which one finally prevails for large enough pump energy. A similar behaviour is
produced at r = 595.4 nm.
4.5 How random lasing senses its environment
We have seen in the first part of this chapter how the the physical properties of the
scattering system can control the lasing emission. While the range of tunability
can be quite large, this has be obtained prior to fabrication by designing the
scattering properties of the system, or by structurally changing the scattering
properties as for instance in systems based on liquid crystals [131]. Diusive
random lasing is indeed quite robust to mechanical changes in the system, for
instance due to sample deformation as a consequence implantation in an aqueous
environment or temperature change, as well as small refractive index changes.
This makes it appear not suitable for sensing purposes, when compared to the
high sensitivity to subtle change of the refractive index that can be achieved by
exploiting the resonant behaviour of structures, as it has been done for surface
plasmons [132]. Nevertheless, in lasing systems the gain process which depends
on the underlying molecular properties also plays a fundamental role. Therefore,
molecular changes, such as the shift of the fluorescence emission in response to a
target analyte, can be exploited for sensing purpose. Indeed, sensing using laser
light is emerging as a promising field with prospect in sensitive biosensing [133,
134], a constantly advancing field of research, seeking for new sensitive and cost-
eective detection devices. Unlike conventional fluorescence techniques which
can have a low signal to noise ratio, the amplification of the signal inherent to
a laser can overcome these limitations [135] supported by the transition from a
broad spectrum (30–60 nm FWHM), characteristic of fluorescence, to an emission
concentrated around a narrow emission line.
Random laser combines the non-linear character and amplification of the las-
ing response with the cavity-less nature of diusive systems. Scattering is a uni-
versal robust phenomenon that can be engineered into a variety of hosting ma-
terials, including biocompatible ones such as silk (as shown in Section 4.7) or
naturally present structures such as beetle scales [136], human tissue [137] and
bone [138]; moreover, provided strong enough scattering and gain, the critical
length Lcr ∼Æ`t `g can be achieved in systems as small as few µms [139], mak-
ing random lasing appealing for bio-sensing purposes, especially for implantation
into biological environment, owing to its stronger robustness to mechanical de-
formation of conventional cell-size lasers [140, 141].
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Sensing with random lasers has been studied in terms of change in scattering
strength [137, 142] and temperature [131], and discussed focusing on the eect
of the change of the narrow line emission in coherent random lasing [106]; in
contrast, we will focus on change in chemical environment for fixed scattering
characteristics in diusive random lasing [105]. Here we experimentally realise a
proof of concept of random-lasing based biocompatible sensor and study numeri-
cally with the model discussed in Section 4.3 the dependence of the lasing on the
molecular properties, identifying the parameters more suitable for sensing.
4.6 Random lasing sensing schemes
The principle of a random lasing sensing we investigate is based on the change of
the “net gain”. In Figure 4.8 we consider a reference system (1 mM rhodamine 6G,
`t = 2 µm, 50 µm slab) and model a change in the gain properties. We first study a
reduction of the gain by a factor α, as resulting in realistic applications for exam-
ple due to the quenching of molecules [143] by the formation of a non-fluorescent
dimers or a the disruption of hydrogen bonds with solvent molecules [144]. Fig-
ure 4.8a shows the typical transition from the fluorescence emission at low pump
fluence (purple line) to the lasing behaviour at larger pump (yellow line), charac-
terised by a narrowing of the the emission spectra down to 5–10 nm which peaks
at the maximum of the gain. Compared to fluorescence, the gain plays a fun-
damental role in controlling the lasing emission: Figure 4.8a shows the spectral
change due to a reduction of the gain: while the fluorescence is unaected (red
line), a reduction of the gain by a factor (α= 0.15) results in a massive change in
terms of intensity and spectra of the lasing emission (blue line), as a larger pump
intensity is necessary to achieve the lasing. This highlights a first aspect of the
lasing based sensor, i.e. the sensitivity to molecular parameters usually not easily
accessible from fluorescence based measurements.
Moreover, we address a possible spectral translation of the gain maximum, by
a simple wavelength shift of the fluorescence emission. Figure 4.8b shows the
eect of the spectral shift of the molecule emission properties, which can be up
to 100 nm in specific dyes [145]. In this case, both fluorescence and lasing are
expected to shift in a similar way, although the smaller bandwidth of the lasing
peaks potentially allows larger signal to noise ratio and better sensitivity. The
ability to expose otherwise hidden molecular properties combined with the larger
spectral purity of the lasing emission is at the base of the sensing scheme we here
propose.
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Figure 4.8: Random lasing sensing scheme. a Eect of a gain magnitude
change: while the fluorescence spectra is not aected, in the lasing regime a large
change from the lasing FWHM of ∼ 5−10 nm (yellow line) to a broader emission
spectrum with a FWHM of ∼ 30− 40 nm (blue line) close the the fluorescence
emission (purple line) occurs. b Eect of a emission and gain spectral shift:
the fluorescence (dashed lines) and lasing (solid filled lines) response shift simi-
larly; the narrower FWHM of the lasing peaks allows for a better resolution and
sensitivity.
4.7 Experimental realisation of a biocompatible
random lasing based sensor
In this section, a proof of concept of a random lasing sensor is experimentally
demonstrated in a system based on Bombyx Mori silk-fibroin, a flexible bio-
polimer obtained from the processing of silk worms cocoons with good optical
properties [146]. The lasing system is fabricated as follow: an organic dye (rho-
damine 6G) is dissolved in a solution of silk in water. A mixed direct photonic
glass of polystyrene spheres (diameter D = 1.24µm) and silk is first grown, and
then the inverse photonic glass structure is obtained by removing the sphere via
selective chemical etching in toluene, as sketched in Figure 4.9a. This produce
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planar films with a thickness of ∼ 100µm, a transport scattering length `t ∼ 4µm
in dry conditions, which increases to ∼ 14µm when in an aqueous environment
due to reduction of the contrast in the index of refraction. An SEM image of the




Figure 4.9: SEM picture of silk random lasing. a Sketch of the fabrica-
tion process from the direct to the inverse structure. b A scanning electron
microscopy image of the final structure (Courtesy of Soraya Caixeiro).
A spot with a diameter of ∼ 1 mm is pumped with single pulses of a 532 nm
laser, with a pulse width of 6 ns. Figure 4.10 reports the experimental lasing
emission characteristics at increasing pump power. The crossover from fluores-
cent to lasing emission is observed with a threshold Texp = 70µJ/mm2. The change
of emission regime is marked by both a spectral narrowing (red circles) and an
increase of emission at the lasing wavelength (blue circles). The emission spec-
tra are smooth curves as one would expect for diusive or incoherent random
lasing with non-resonant feedback. The data can be therefore modelled appro-
priately with the diusive random lasing model discussed in this chapter. The
theoretical predictions are shown by the lines in Figure 4.10. The molecular pa-
rameters are taken from literature[128], while the transport scattering length was
measured with transmission experiments (τ = 2.5ns, `s = 4µm). The theoretical
curve is normalised by the detected signal at low power, which is only fluores-
cence, showing good agreement with the experiment. The theoretical line-width
above threshold is underestimated as it is limited only by gain saturation. Instead,
the threshold position is obtained with a remarkable precision, Tth = 50 µJ/mm2
which compares well with the experimental value Texp = 70 µJ/mm2.
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Figure 4.10: Silk random lasing - theory and experiment. The empty symbols
correspond to the experimental data while the lines are the theoretical calculations
for a slab thickness 100 µm, `t = 4µm and τ = 2.5 ns. The experimental fluores-
cent spectrum of our dye was used together with typical values of rhodamine 6G
absorption and stimulated emission cross-section . The model gives a theoret-
ical threshold Tth = 50µJ/mm2which compares well with the experimental value
Texp = 70µJ/mm2. The theoretical line-width above threshold is underestimated,
as it is limited only by gain saturation.
A proof of principle of pH sensing is provided by operating the system in an
aqueous solutions. The emission characteristic of the sample immersed in aque-
ous solution is measured at a fixed pump power while the pH is modified by
changing the concentration of NaOH. The results are shown in Figure 4.11.
When pumped in the lasing regime (P = 840 µK/mm2) the emission is strongly
aected aected by the pH change (Figure 4.11a). This is also visible in Fig-
ure 4.11b, showing that the lasing is suppress at around pH∼ 13, corresponding
to a large decrease in the peak emission intensity and broadening of the emis-
sion bandwidth. On the other hand when pumped in the fluorescence regime
(P = 8 µJ/mm2) the emission spectrum almost does not change for dierent val-
ues of pH (Figure 4.11c), while the emission intensity change is less prominent
than in the lasing case (Figure 4.11d). Therefore, the lasing process amplifies the
variation of the molecular properties at dierent pH conditions. Moreover, the
lasing can be recovered by restoring the pH. These experimental results could be
explained assuming a change of the gain available in the scattering medium, due
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Figure 4.11: Experimental proof of principle of the random lasing scheme.
a A silk based random lasing system is pumped at high intensity (P =
840µJ/mm2): the emission characteristics as a function of the pH of the solution,
showing suppression of the lasing at large pH values; b spectra comparison for
two values of pH, highlighting the transition from lasing to non lasing. c The
same sample is pumped with lower intensity (P = 8µJ/mm2): a reduction of the
intensity emitted is visible in the emission characteristics; d in this case the
spectral properties are roughly constant at all values of pH.
to reduced amplification or increased absorption. Instead, a structural change of
the silk structure, i.e. a change of the scattering properties has been rule out by
direct SEM measurements. In order to understand how the dierent molecular
parameters aect the lasing emission and how they can be exploited for sensing,
in the next section we investigate in details their dierent roles.
4.8 Random lasing sensing analysis
As introduced in Section 4.6, the “net gain” available in the system results from
the balance between the stimulated emission process and the loss channels, i.e.
fluorescence, non-radiative decay, and absorption, dominates the lasing process.
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In order to understand the dierent contributions and how these can be exploited
for sensing, we first consider a simplified case of Equations (4.3–4.5) by neglecting
the spatial and spectral dependence and considering the stationary case:
σaP [N −N1]v −σe I N1v − N1
Φτr
= 0 (4.6)






Here I is the light intensity in the lasing band and and the pump intensity is de-
scribed by P . A loss term dependent on the the Thouless time τc , i.e the average
time a photon stays inside the samples which depends on the scattering length
and samples size (τc ∼ L2/`t ), has been added in place of losses at the boundary
conditions, and the spectral properties are summarised in the β factor1, describ-
ing the fraction of the fluorescence emission in the lasing mode. In Equations
(4.3–4.5) we express separately the radiative decay rate τr and the quantum ef-









Solving Equations (4.6–4.7) lead to two asymptotic behaviours. A regime where
the emission intensity is dominated by fluorescence (IF ) at low pump intensity
(σe I N1v N1/τ) and below fluorescence saturation (τrΦσaP  1):
IF (P )∝σaNPτcβΦ, (4.9)
and a regime dominated by lasing emission (Il ) at hight pump intensity (σe I N1v 
N1/τ):
IL (P )∝ −1+σaPτrΦ(N τcσe v −1)vσeτrΦ . (4.10)
As the sensing mechanism is based on the transition between the fluorescence
and lasing behaviour, we consider the threshold T which is is the pump intensity
marking the onset of the lasing process. Dierent threshold definitions are often
used, but they are typically proportional to each others. An operative definition
of the threshold in experimental conditions is the pump power corresponding to
half narrowing of the emission spectra, which can be measured by measuring the
spectrum of the emission at dierent pump. For this simplified treatment that does
not include the spectral properties instead the threshold T can be extrapolated
1Not to be confused with the β factor introduced in Chapter 2
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from the intercept of the lasing trend (IL (T ) = 0): the relation between the systems
properties and the threshold is therefore given by the following trend:
T ' [(N τc vσe −1)τrΦσa ]−1. (4.11)
The change of the threshold of the lasing process is the key element for a RL
sensing scheme. As the threshold moves, dierent measurable parameters such
as the light intensity and FWHM of the emission can be monitores to quantify
the change. We will now consider in details the eect of the dierent molecular
parameters, i.e. the stimulated emission cross section σe , quantum eciency Φ,
lifetime of the excited states τr , which all appear in Equation (4.11). We solve
numerically the complete systems to describe realistic experimental conditions,
and we compare with existing dyes properties. Although these parameters are
typically linked in real dyes, we consider them independently to highlight their
role.
Gain (stimulated emission cross section)
Among all the parameters we first consider the direct role of the gain, as already
qualitatively discussed in Section 4.6. The gain depends on the density of gain
molecules and their properties, and on the pump intensity bringing the system to
population inversion conditions. From the microscopic point of view, a change
in gain can be modelled as a modification of the stimulated emission cross sec-
tion σe . We decrease σe starting from the reference system previously discussed
(1 mM rhodamine 6G, `t = 2 µm, 50 µm slab). Figure 4.12a shows the threshold
dependence as a function of σe /σ0. For σe /σ0 ' 0.2 no lasing occurs regardless
of the intensity of the pump. In fact, a minimum amount of gain is necessary to
overcome the losses at the surface of the sample (N0vσe ®τc ) and due to absorp-
tion in the medium. Larger systems (which have larger Thouless time) can reach
the critical length with smaller gain.
Figure 4.12b reports the emission intensity response as a function of the pump
intensity. At low pump power (fluorescence regime) the response is linear and
similar for all gain values. Instead, when the system is operated above the critical
length the sudden change in regime between fluorescence and lasing result in a
large sensitivity to the gain value. The large variation in the intensity response
with a sub-linear behaviour for low σe /σ0 values is due to the loss of the pump
intensity, as the fluorescence is not fast enough to allow the dye molecules to
absorb it before it escapes the system.
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Figure 4.12: Sensing of the gain. a The threshold increases decreasing gain
compare to the reference value, until the lasing is stopped at σe /σ0 ' 0.2 for
the sample size under examination. b The peak intensity response showing that
instead of a lasing regime with higher intensity a saturation of the emission occurs
due to the saturation of the fluorescence (pump power is lost). The corresponding
position of the threshold are indicated by the coloured circles in panel a.
In order to investigate an ideal sensing scheme, we consider the variation of
two easily measurable quantities, the peak intensity and the width of the emitted
spectra, upon change of the gain while keeping the pump intensity at a constant
value, as reported in Figure 4.13. Each line in Figure 4.13a corresponds to the
intensity response at a dierent pump intensity, i.e. to a vertical cross section in
Figure 4.12b. A larger slope of such curves corresponds to larger sensitivity. The
lower curves, corresponding to lower pump intensity in the fluorescence regime,
show no sensitivity to the gain variation. Instead, For increasing pump intensities
the system becomes gradually more sensitive. The same analysis is performed
for the emission spectral width. The FWHM is reported in Figure 4.13b, showing
similar behaviour with increasing sensitivity as the pump power is increased. In
particular, for the choice of the sample parameters, a region of increased sensi-
tivity with a non-linear response appears at around σe /σ0 ' 0.2, that is when the
lasing is suppressed by the lack of net gain (a more detailed analysis of the sensi-
tivity is presented at the end of this section). Dierent parameter configurations,
in particular the samples dimension, can shift this region. For instance, smaller
samples result in a transition at large values of σe /σ0, which also becomes more
prominent.
Quantum eciency
The quantum eciency (or quantum yield) Φ is the ratio between the light radi-
ated and light absorbed, i.e is a measure of the eciency in re-emitting a photon
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Figure 4.13: Sensing by gain response. a Output intensity response as a
function of the gain (σe /σ0) at dierent pump power as indicated by the colorbar.
b The corresponding output spectra width (FWHM) response.
rather than dissipating the photon energy in non-radiative processes. Typical las-
ing dyes have Φ' 1, and variations are found to be typical in the range ∼ 10% [147]
for standard laser dyes in dierent solvents; however when considering engineered
dyes 100 fold decrease of the quantum eciency has been observed [145].
Figure 4.14a shows the threshold behaviour for a reference system (0.1 mM
rhodamine 6G, `t = 2 µm, 50 µm slab, i.e. the system of the previous section
but with reduced gain molecules concentration in order to highlight the lasing
transition); the hyperbolic behaviour of Equation (4.11) is reproduced, with the
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Figure 4.14: Sensing of the quantum eciency a Lasing threshold change for
dierent quantum eciencies. The threshold (T ) increases five-fold for Φ∼ 0.05.
The relative sensitivity is in the range b Intensity response for dierent quantum
eciencies: while the fluorescence response (P < 10−1 mJ/mm2) is strongly aected
by the quantum eciency change, in the lasing regime (P > 1 mJ/mm2) is mostly
unaected. The corresponding position of the threshold are indicated by the
coloured circles in panel a.
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process is never suppressed, although it becomes realistically unachievable due
to the high pump intensity required; in fact, as shown in Figure 4.14b where the
intensity evolution at dierent pump power for few dierent Φ values is plotted,
while in the fluorescence regime (P < 10−1 mJ/mm2) the intensity is proportional
to Φ, in the lasing regime instead (P > 1 mJ/mm2), even if the onset of lasing is
shifted to higher pump fluence, the emission behaviour is not aected as the the
non-radiative channel decay rate becomes negligible compared to the stimulated
emission process.
At first sight, working in the lasing regime appears to be detrimental. How-
ever, an increase in sensitivity when compared to fluorescence can be obtained in
the transition from the fluorescence to the lasing regime. This is shown in Fig-
ure 4.15a where the intensity response as a function of Φ are shown for dierent













































Figure 4.15: Sensing by quantum eciency response. a Output intensity
response as a function of quantum eciency (Φ) at dierent pump power indicated
by the colourbar. b The corresponding output spectra width (FWHM) response.
fluorescence regime (lower curves in Figure 4.15a, where the intensity is propor-
tional to Φ ) while the response in the lasing regime is flat. Instead, if Φ® 0.1, the
fluorescence-lasing transition becomes more abrupt, as the molecules eectively
act as absorption in the fluorescence regime and as gain in the lasing regime, and
the change of peak intensity from fluorescent to lasing is more prominent with
a increase by a factor 1/Φ. This corresponds to the increase in the slope of the
curves in the upper part of Figure 4.15a. In the same region with increased in-
tensity sensitivity, the FWHM of the spectrum reported in Figure4.15b also shows
the largest and steepest variation.
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Lifetime of the excited state
The lifetime of the excited state τ is an important parameter of fluorescence
dynamics, which can change upon binding of a fluorescence molecule to targets
analytes [144]. While this might be linked to the change in quantum eciency as
a new non-radiative channel might be introduced in the system, for the sake of
clarity we analyse the sensing behaviour assuming Φ= 1, i.e. τ=τr .
The lifetime τ is typically measured with dedicated and fast (ps) electronics
in a confocal microscope. According to Equation (4.11), a dependence of the
lasing threshold is also expected, since long fluorescence lifetimes help reaching
the population inversion with lower pumps. Figure 4.16a shows the threshold
behaviour for our usual reference system (1 mM rhodamine 6G, `t = 2 µm, 50 µm
slab), which is roughly inversely proportional to the lifetime (T ∼ τ−1) up to τ ∼
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Figure 4.16: Sensing of the decay rate. a Lasing threshold change for dierent
decay rates. The threshold decreases with a power law for increasing decay rates
(T ∼ τ−1), until a saturation value is reached for τ > 100 ns. b The intensity
response shifts accordingly with the increase of the decay rate. The corresponding
position of the threshold are indicated by the coloured circles in panel a.
the excited state has a negligible eect on the fluorescence intensity (Figure 4.17a,
P < 10−2 mJ/mm2); the lasing process instead exposes τ with an easily measurable
quantity without the need of dedicated electronics for P > 10−2 mJ/mm2.
Figure 4.17 shows the intensity and FWHM variation as a function of τ for
dierent pump intensities. Also in In this case the response is flat at low pump
intensities, while at larger values a fluorescence-lasing transition is found, occur-
ring smoothly in a large wide τ range (roughly one order of magnitude), and
positioned at higher pump intensity for smaller lifetime. Similarly, the FWHM of
the spectrum evolves slowly narrowing at increasing τ in the corresponding area.
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Figure 4.17: Sensing by decay rate response. a Output intensity response as
a function of the lifetime (τ) at dierent pump power indicated by the colourbar.
b The corresponding output spectra width (FWHM) response.
4.9 Sensitivity analysis
To summarize the results of the previous section, we compare now the sensitivity
sensitivity obtained from the dierent parameters. In order to highlight the non-
linear response of the lasing process, we choose the peak intensity (I ) relative





where α is one of the parameters examined: Φ, τ, σe . The linear response typical
of the fluorescence regime would give Sα ≤ 1. The relative sensitivity is reported
in Figure 4.18 for dierent working pump intensities with colormaps highlighting
the regions of larger sensitivity.
Depending on the value of the sensing parameter a dierent pump power is
required to achieve maximum sensitivity. In all cases the maximum relative sensi-
tivity is obtained around the threshold transition which is marked by white dashed
lines. This corresponds to the intermediate non-linear regime between two linear
region. At low pump fluorescence is either non-sensitive for lifetime and gain
(Sτ, Sσe  1) or provides a linear response in the case of the quantum eciency
(SΦ ' 1). At large pump intensities the lasing response becomes linear due to gain
saturation, reducing the sensitivity in all cases. At intermediate pump intensities
instead, in the case of lifetime an increased sensitivity is obtained (Sτ ' 5) in a
wide area around the lasing threshold. In the case of both Φ and σe large relative
sensitivities (SΦ ' 600, Sσe ' 300) — two order of magnitude higher than fluores-
cence — in narrow parameter regions are obtained. This analysis show that the
sample properties, such as the scattering length, sample size or density of gain
molecules have to be designed to match the most sensitive region of the dye, as
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Figure 4.18: Relative sensitivity. The peak intensity relative sensitivity is shown
with a logarithmic colourmap for the parameters under consideration at dierent
pump powers. a Quantum eciency (Φ), b excited state lifetime (τ), c stim-
ulated emission cross section (σe ). The white dashed line is the lasing threshold.
In all cases the larger relative sensitivity is found in the non-linear regime around
the lasing transition.
well as to keep the working power at reasonable values.
This sensing technique, that we proved experimentally for NaOH in Section 4.7,
could be applied to relevant biomolecules, in principle with the same broad range
of targets as in fluorescence sensing, but with the advantage of increased sensitiv-
ity due to the non-linear lasing process.
4.10 Conclusions
In conclusion, a dispersive diusive gain model is capable to simulate random
lasing action in realistic conditions. In particular, for resonant scattering we cal-
culated a 25 nm emission tuning range, with minimal threshold increase. The
dispersive model does not require any assumption on the β parameter and can
predict mode competition and a non-trivial threshold dependence. Beyond what
is expected by diusive monochromatic models, the highest threshold is found
when the competition between the lasing modes is strongest and not when the
lasing wavelength is furthest from the maximum of the gain curve. As a further
extension, the model can include arbitrary absorption curves and dispersion also
for the energy velocity, and can be extended to the full three-dimensional case at
the expense of increased computing time.
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The same model was used to investigate the potential sensing application of
a system based on random lasing, motivated by the possibility to fabricate fully
biocompatible devices. We considered few important fluorescence parameters
already used in fluorescence-based sensors. We showed that by working in the
lasing regime additional properties such as the FWHM can be exploited for sens-
ing, and that the change of otherwise not directly observable quantities can be
recovered, revealing the underlying biochemical process. A much higher relative
sensitivity (> 100-fold) is achieved when crossing the lasing threshold, exploiting
the non-linear behaviour of the lasing process: therefore the key element is to
design and operate the systems close to its critical volume, where upon sensing
of an analyte the system can change from the lasing to the non lasing regime or
vice-versa. Surprisingly, the complexity of the disordered medium leads to a great
simplicity of the overall device. In fact, we showed that random lasing can be
obtained from biocompatible constituents, and we forecast that random lasing
devices could eventually be integrated in biological tissues or on-skin for bioengi-
neering applications with the potential to provide a new tool to image and sense
biological properties inside human body.
89
Conclusions and outlook
The goal of this thesis has been to study nanostructured systems which have po-
tential as building blocks to realise complex photonic networks capable of control-
ling light-matter interaction, directing individual photons, and bringing collective
emission phenomena such as lasing; we pursued applications such as biosensing
via biocompatible photonic random lasers, as well as at future implementations
of nanoscale quantum optics.
Achieving coupling and long distance transport of light emitted by nanoscopic
sources, end eventually coupling between multiple emitters, is challenging task,
owing to the intrinsic multiscale nature of the problem: the interaction between
the electronic transition at the sub-nanometre length-scale and the the electro-
magnetic radiation at visible wavelength (~micron) is typically inecient. The
emitted photons need to be transported at long distances ( λ). Furthermore,
any realistic architecture is required to have the potential of scalability up to the
macroscopic world of extended complex devices. This requires the simultaneous
engineering of both the near-field and far-field.
In the first chapter we developed a single-photon architecture — single emitter
in a nanowaveguide— combining large coupling and propagation length, suitable
for room temperature operation due to the broadband nature of these structures,
and competitive with current schemes such as plasmonic systems. The results
discussed here are the building block for the realisation of interconnected sys-
tems. The fabrication and characterisation of simple connected designs, would
be the natural evolution to approach the study of networks-like architectures. In
fact, owing to their simple design and fabrication process, these nanofibres are a
promising tool for the implementation of extended geometries of increasing com-
plexity, where one or more sources can be embedded, although without a precise
control of the design. Therefore, a nanoscale network is particularly suitable for
the study the eect of those properties which require the statistical study in multi-
ple realisations, such as the degree of connectivity, in open and closed topologies;
it is moreover a platform for the initial investigation and prototyping of architec-
tures which might be eventually implemented with more conventional lithographic
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methods. Beside studies of single emitters, these nanofibres are also suitable of
transport studies, for instance investigating scattering and diusion in network-
like geometries, where topologies with multiple input and output channels could
be controlled. Random lasing in such systems could also help to highlight the
relation between the network topology and the optical properties.
However, this purely dielectric architecture does not provides strong light-matter
interaction enhancement, due to the weakly sub-wavelength mode squeezing of
the nanofibres. In the second chapter we focused on plasmonic structures in order
to study systems allowing squeezing of light to deeply sub-wavelength hotspots,
which are therefore appealing for enhance light-matter interaction. Plasmonic sys-
tems such as nano-antennas like structures, allow to eciently control the near-
field, which is ideal when it concerns controlling one emitter, but poses major
limitations to long transport and scalability due their intrinsic metal losses. In-
stead, here we considered extended systems presenting electromagnetic hotsposts
as well as long-range correlations; we tried to reproduce in a controlled way the
modal properties of similar self-assembled systems, to explore the opportunity
to exploit the localisation properties of the electromagnetic modes for the cou-
pling of emitters. We confirmed the importance of the percolation transition in
self-assembled structures, while the lithographic structures, although showing a
response evolving with the percolation level, did not show marked behaviour at
the percolation transition. This suggests that the observed LDOS fluctuations in
the self-assembled networks are driven by local properties such as the formation
of nanogaps, which cannot be obtained with lithographic techniques. However, it
is still unclear whether long-range characteristics can also play a role in the con-
trol of the emission of light. Further development of this research would include
exploring self-assembly techniques with more controlled designs in order to fo-
cus on the smaller features, while lithography could be employed to investigate a
connected architectures, exploiting propagating plasmons rather than individual
coupled antenna resonances.
It is natural to consider pursuing an hybrid dielectric-plasmonic approach to
combine the benefits of the both architectures. The flexibility of the electrospin-
ning fabrication process of the nanofibres discussed in chapter 1 would allow the
integration of metallic nano-structures. For examples, gold nanoantennas with
coupled emitters could be integrated in the nanofibre core, combining strong
light-matter interaction and large coupling and transport towards more far-fetched
goals such as enhancing the energy transfer between remote emitters. Another ef-
fective approach would be to realise hybrid metallic-dielectric structures: coating
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the nanofibres with metal is a viable possibility.
In the last chapter we approached the problem of dealing with more than one
emitter starting from diusive lasing systems. This is admittedly an extreme case
of the class of systems we decided to investigate, i.e. a randomised system where
many modes participate to the lasing behaviour in an averaged fashion. However,
this allowed us to numerically model macroscopic systems, quantifying the change
in the emission due to modification of the sample parameters. We studied and ex-
perimentally demonstrate a promising sensing application, based on the variation
of threshold of the lasing system due a change in the chemical environment aect-
ing the gain molecules, a scheme that can provide increased performance when
compared to fluorescence. In particular, the silk-based random lasing biosensor
we proposed is made by all natural processes and materials. Therefore, it is an
environmentally friendly product, potentially cheap and easily mass-produced,
that can be at the basis of future silk-biophotonic applications in technology and
medicine. This would require the investigation of specific sensing dyes, drawing
inspiration from available fluorescence compounds, studying their compatibility
with silk, and the optimization of their operation, with the aid of the numerical
model described here. Due to the flexibility of the design, the same architecture
could be studied in alternative biocompatible hosting materials. Moreover, it is
crucial to improve the miniaturization of these lasing systems, for example explor-
ing small spherical systems which can be obtained by self-assembly techniques:
achieving lasing systems of size smaller than tens of micrometers would allow for
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